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CHAPTER 1

General IntroductIon



8 GENERAL INTRODUCTION

Breast cancer has originally been considered a single disease with varying morphologic 
features and clinical courses. As the only treatment option was then radical surgery, 
tumour stage was the main determinant of prognosis until the 1970s. In the last decades, 
two interacting findings have revolutionized our perception of the disease: the power of 
systemic anti-hormonal and cytotoxic therapeutics to substantially improve patient survival 
[1-3]; and the identification of the basic molecular breast cancer subtypes luminal A, luminal 
B, basal-like, and HER2 overexpressed with their distinct genetic background, receptor 
expression, and outcome [4-10].

Although therapeutic decisions have been driven by hormonal receptor expression, HER2 
status and histological grade for many years, molecular subtyping can be assumed a 
milestone not only in theoretical understanding of the disease but also as essential impulse 
for the concept of individualized ‘tailored’ cancer therapy. In this concept, also referred to 
as precision medicine, treatment recommendations rely on the specific biological tumour 
characteristics of the individual patient. In contrast to a one-size-fits-all approach, precision 
medicine encompasses administering drugs that specifically target dominant molecular 
changes in the tumour or the omission of therapeutics that, due to respective tumour 
biology, are unlikely to improve survival [11].

As national mammography screening programs have contributed considerably to the 
decrease breast cancer mortality by detecting tumours already in early stages and increased 
the percentage of patients at low risk of dying from the disease at the same time [12-14], 
avoiding overtreatment has become a major issue in our days [15]. However, diagnostics on 
a genetic level are costly and still require a sophisticated workup. Efforts have been made 
to establish an intrinsic breast cancer subtyping based on protein expression that can be 
reproduced by standard immunohistochemistry in pathology labs worldwide. Furthermore, 
these clinicopathological subtypes, as introduced by the St Gallen consensus expert 
panel in 2011, combine immunohistochemically based surrogates of molecular subtypes 
with concrete treatment recommendations concerning anti-hormonal, anti-HER2 and 
chemotherapy (table 1) [16].

As shown in table 1, triple-negative, HER2 positive (non-luminal), luminal B HER2 positive 
and special type cancer subtypes are self-explanatory, and treatment recommendations 
depend on respective hormonal receptor expression and HER2 status. To distinguish 
between luminal A cancers with a favourable prognosis that can be treated with endocrine 
therapy alone, and luminal B HER2 negative cancers for which chemotherapy should be 
considered, assessment of proliferative activity is essential. For this purpose, the St Gallen 
expert panel recommended the immunohistochemical proliferation marker Ki67. However, 
while results for oestrogen and progesterone receptor and HER2 status have been shown 
to be highly reproducible among pathology labs [17], the St Gallen expert panel noted in 

Table 1: St Gallen consensus 2011 proposal for clinicopathological subtyping of breast cancer and corresponding 
therapy recommendations for the subtypes
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Luminal B 

Luminal B (Her2 negative) 
Her2 negative 
Proliferation high 

ER and/or PgR 
positive  

endocrine + cytotoxic therapy
2
 

Luminal B (Her2 positive) 
Her2 positive 
Ki 67 irrelevant 
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+ endocrine therapy 

ErB2 + 
Her2 positiv (non-luminal) 

Her2 overexpressed or amplified 
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cytotoxics
3
 + anti-HER2 

Basal-like 
Triple negativ (ductal) 

ER and PgR negative 
Her2 negative 

cytotoxics  

N. A. 
Special histological type 

Endocrine responsive 
ER and / or PgR positive 

some patients need endocrine therapy, some no 
further systemic treatment at all 

N. A. 
Special histological type 

Endocrine non-responsive 
ER and PgR negative 

some patients need cytotoxics, 
some no systemic treatment at all 

¹Patients at very low risk (e.g. pT1a and node negative) may be observed without systemic adjuvant treatment; few with high risk (e.g. high 
nodal status) require cytotoxics.  

²Therapy depends on level of ER / PR expression, perceived risk and patient preference 

³Patients at very low risk (e.g. pT1a and node negative) may be observed without systemic adjuvant treatment 
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2011 already, that a standardized methodology for Ki67 was not available, and that some 
alternative measure of proliferation, such as histological grade, could be used instead to 
identify luminal A cancers [16]. 

The St Gallen subtypes have since then been revised twice: in 2013, progesterone receptor 
loss was introduced as an indicator of less favourable prognosis and included in the definition 
of luminal B tumours; the Ki67 cut-off for high proliferation was set at 20% [18]. In 2015, 
Ki67 cut-offs based on the labs individual median Ki67-labelling index for luminal cancers 
have been suggested, though one fifth of the panel experts voted against the use of Ki67 for 
prognostication in general and raised concerns due to a lack of Ki67 assessment standards 
among pathology labs [19].

Table 1: St Gallen consensus 2011 proposal for clinicopathological subtyping of breast cancer and corresponding 
therapy recommendations for the subtypes
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Hence, to successfully implement clinicopathological subtypes as a decisive tool for 
personalized treatment in clinical routine, a reliable standard proliferation assessment 
method is of the essence.

Challenges in establishing a standard proliferation assessment method for 
therapeutic decisions in luminal breast cancers
Although intrinsic subtyping has brought great advantages in our perception of the disease, 
it is not generally accepted to replace traditional prognostic information deriving from 
standard pathological diagnostics by multiparameter molecular tests [20]. In contrast, the 
pragmatic approach of using immunohistochemical approximations of molecular subtypes 
for therapeutic decisions seems plausible, affordable and easy to implement in any pathology 
lab worldwide, even though these protein based tests do not measure true intrinsic subtypes 
but rather subsume essential clinicopathological information [19]. It should be kept in mind, 
however, that applying diagnostic or therapeutic strategies in routine that seem to make 
sense or that are just appealing should nonetheless have both analytical validity and clinical 
utility since an unreliable diagnostic test could be as harmful to the patient as a bad drug 
[21]. In terms of hormonal receptor positive and HER2 negative (luminal) cancers, decisions 
for or against chemotherapy now rely primarily on the skills, competence and responsibility 
of the pathologists to adequately assess, interpret and report proliferative activity [19]. 
Basically, proliferation can be assessed by quantifying the number or proportion of cells that 
are going to divide. As these cells are typically scattered heterogeneously across the tumour, 
their measurement is prone to variability in interpretation and sampling error, in particular 
when counting protocols are not rigorously standardized. To measure proliferative activity in 
breast cancer, two basic concepts have gained worldwide acceptance: counting the number 
of cells that undergo division (mitosis) in a defined area [22] or assessing the growth fraction 
of a given cell population (Ki67-labelling index), which is the percentage of all non-resting 
cells [23].

While assessment protocols for mitotic count are widely standardized [24] and incorporated 
in the Nottingham grading system for breast cancer differentiation [25], recommendations 
for the Ki67-labelling index were not available until recently and still lack general acceptance. 
Inconsistencies mainly concern the region of interest selection and the total number of cells 
that should be assessed [17, 26]. In contrast to recommendations for hormonal receptors 
[27] and HER2 [28], the preferred type of tissue specimen for analysis has also not yet been 
specified. 

Another important issue is the variability of resulting proliferation levels between observers 
when interpreting the same tumour slides. Both good and poor interrater agreement have 
been reported for Ki67 and mitotic count, depending on training status of the observers, 
assessment protocol and statistical endpoints [22, 29-34]. Some research groups now seek 
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for a method that first and foremost proves high reproducibility among pathologists [35], 
while others advocate assessment by digital image analysis [36, 37]. Although promising 
enhanced objectivity and speed, it is important to realise that even automated computer-
assisted results are supervised by human observers, who define staining intensity 
thresholds, select regions of interest and exclude apparently non-cancerous cells from the 
analysis, which can be seen as deterministic processes that just ‘objectively’ implement 
subjective decisions [38]. For reproducible proliferation measurement, however, type of 
tissue specimen for assessment, region of interest and number of cells for analysis should 
be standardized whether or not the assessment is assisted by an automated algorithm. 

The aim of this thesis is to highlight methodological and analytical issues of proliferation 
assessment in breast cancer using Ki67, mitotic count and the mitosis marker PHH3. 

Ki67
Ki67 is a nuclear non-histone protein that is expressed in all phases of the cell cycle except 
for G₀ [39]. Its MKI67 gene is located on the long arm of chromosome 10 (10q25) [40] and 
contains 16 repeated segments in which the Ki67-motif, a sequence of 122 amino acids, can be 
found. This motif includes the epitope FKEL that is used as a target for immunohistochemical 
(IHC) antibodies like MIB-1, SP6 and 30-9. The percentage of cells staining positive for the 
Ki67 antigen can be used to determine the growth fraction of a tumour or benign tissue, 
also known as Ki67-labelling index (Ki67-LI) [23]. Staining intensities vary between different 
phases of the cell cycle, and are low in G₁ and S-phase and increase through G₂ to a maximum 
during mitosis [41], giving a heterogeneous picture (figure 1). 

Figure 1: Ki67 staining of a grade 2 breast cancer of no special type showing different staining intensities with a 
MIB-1 antibody and 3-amino-9-ethylcarbazole visualisation

Despite its still unknown function, there is an overwhelming amount of publications focussing 
on Ki67 as a prognostic and predictive biomarker in breast cancer [42-46]. However, due 
to different assessment standards, published prognostic Ki67 cut-points range from 1% to 
28.6% [43], which severely limits clinical utility and comparability between studies. The St 
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Gallen consensus recommendation to stratify patients with oestrogen receptor positive 
and HER2 negative tumours into luminal A and B according to Ki67 levels at a cut-off <14% 
derives from a comparison of PAM50 based intrinsic subtyping to immunohistochemical 
results on tissue microarrays [47]. Proliferation assessment on tissue microarrays, however, 
should not be used for routine purposes as microarrays are considered not representative 
for the whole tumour and thus, prone to sampling error [48]. 

To date, a generally accepted counting standard for Ki67 has not yet been established, 
and different approaches have been made by various groups to find an adequate solution. 
Published recommendations for Ki67 assessment include manual count of 200 [17], 500 
or 1000 cells in one or more areas that are either predefined or randomly selected [26], 
simple eye-ball estimation [49, 50], and supervised or unsupervised digital image analysis 
with varying algorithms and regions of interest [36, 51-53]. In Chapter 2 we compared Ki67 
levels based on different counting procedures in early breast cancers and highlighted the 
influence of assessment method selection on proportions of patients considered having low 
risk disease. As differences in Ki67 levels between assessment methods can be attributed to 
an unequal expression pattern across the individual tumour, we investigated the degree of 
intratumoral heterogeneity of Ki67 expression in Chapter 3. 

For some immunohistochemical markers, staining and interpretation on core needle biopsies 
should be preferred (e.g. for hormonal receptors and HER2) due to a more standardized 
fixation than in surgical excisions [27, 28]. Like for grade and mitotic count, agreement 
rates of 65% to 80% for Ki67 levels between core needle biopsies and surgical excision have 
been reported. In Chapter 4, we aimed to investigate whether agreement rates could be 
improved with increasing biopsy volume or using specific Ki67 cut points for the core biopsy.
Although lab-specific cut-points have been recommended due to a lack of method 
standardization, little information is available about differences in immunohistochemical Ki67 
labelling performance between labs. We therefore studied interlaboratory reproducibility of 
Ki67 staining among 30 pathology labs from Germany and four other European countries in 
Chapter 5 using serial slides of a tissue microarray and central Ki67 assessment. Lastly, the 
results of an international study on interobserver reproducibility of the Ki67-labelling index 
for two defined assessment methods in core needle biopsies are reported in the Addendum.

Mitotic Activity Index and Histological (Nottingham) Grade
Traditionally, tumour proliferation has been assessed by counting mitotic figures in 
conventional haematoxylin & eosin (H&E) slides. When cells prepare for division, four 
phases of mitosis can be observed with a light microscope: prophase, metaphase, anaphase, 
and telophase [22]. In prophase, distinct condensed and clotted chromosomes within 
an intact nuclear membrane can be seen. An absent nuclear membrane and condensed 
chromosomes, either plane or clotted are observed during metaphase. In anaphase, the 
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condensed chromosomes begin to separate and form two clots which are still connected, 
whereas two completely separated clots are characteristic for telophase (figure 2). 

Figure 2: Mitotic figures in a conventional H&E stain showing prophase (A), metaphase (B and C), anaphase (D) 
and telophase (E).

Although even a subjective ‘quick scan’ estimation of mitotic activity has been shown to 
have prognostic significance in breast cancer, highest prognostic power and reproducibility 
is achieved only by assessing the Mitotic Activity Index (MAI) [24]. The MAI, originally 
defined as the number of mitotic figures in 1.59 mm², but now often extrapolated to 2 mm2, 
demands adherence to a strict, standardized protocol prescribing to count all unambiguous 
mitoses observed in ten neighbouring fields at x400 magnification, starting at the “hot spot” 
of the tumour [22], which is usually found in the peripheral growing zone [54]. Prophase 
nuclei, however, are excluded from the MAI since their recognition is difficult and not 
reproducible in H&E slides [22]. As field of vision diameters may vary between microscopes, 
the individual diameter must be incorporated to calculate the number of mitotic figures 
in the standard area of 1.59 mm² [24]. In doing so, the MAI can be universally used with 
different microscopes and in different labs and does not require immunohistochemical 
staining. 

The Mitotic Activity Index has shown good reproducibility among trained observers [22] 
and different labs [29], and high prognostic power in prospective studies [24, 55]. However, 
mitotic count may be hampered by delayed fixation and poor section quality [25, 56] and is 
often considered subjective and time consuming [23].

Mitotic activity also forms an integral part of the Nottingham grading system for breast 
cancer differentiation [25] which provides information on tumour aggressiveness for both 
prognostic [57] and predictive [58, 59] purposes. Its prognostic impact is comparable to 
that of nodal status and exceeds that of tumour size [60, 61]. Combined with tumour stage, 
histological grade forms a powerful tool for risk stratification in operable primary breast 
cancer patients, the Nottingham Prognostic Index (NPI) [60, 62]. More recently, efforts have 
been made to combine biological features and the NPI to an improved tool for individualised 
therapeutic decision making, the NPI+ [63].
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While histological grade of the surgical excision is generally accepted as one of the gold 
standards for clinical decisions, the core biopsy may be the only source for prognostication 
in a neoadjuvant or experimental setting like heat ablation therapy. Discrepant grades 
between core needle biopsies and subsequent surgical excisions occur in 20% to 30% of 
cases, with surgical specimens showing higher grades [64]. Interestingly, the major cause 
for this discrepancy is underestimation of mitotic activity in the biopsy, a phenomenon 
attributed to sampling error caused by tumour heterogeneity [64, 65]. We made an attempt 
to find an optimal amount of biopsy material that could improve agreement of grade 
between core biopsy and surgical excision in Chapter 6. 

Phosphohistone H3 (PHH3)
Phosphorylation of histone H3 protein occurs almost exclusively during mitosis and the 
resulting phosphohistone H3 (PHH3) can be targeted with an immunohistochemical 
antibody that specifically stains mitotic figures [66, 67]. PHH3 allows a rapid detection of 
hot spots and facilitates mitotic figure recognition. Its assessment is almost identical to the 
Mitotic Activity Index, except for the inclusion of prophase nuclei in the PHH3-Index since 
these are consistently stained with the antibody [24] (figure 3). 

Figure 3: Mitotic figures in a PHH3 stain showing prophase (A), metaphase (B and C), anaphase (D) and telophase 
(E).

PHH3 has been reported to improve interobserver reproducibility of proliferation assessment 
in breast cancer [68], melanoma [69], neuroendocrine tumours [70], meningioma [71] and 
gastrointestinal stromal tumours [72]. The prognostic significance of the PHH3-Index in 
early breast cancers has been shown in several studies [73-75] and correlates tightly with 
recurrence scores of the 21-gene assay [76-78]. Hence, PHH3 can be considered a promising 
candidate for a standardized and reproducible assessment of proliferative activity.

Delayed or elongated tissue fixation which often hampers recognition of mitotic figures [56] 
has previously been reported to influence PHH3 immunohistochemistry [79], but variability 
of specificity and sensitivity for marking mitotic figures between different antibodies in 
tissues with good preservation of morphology have not yet been described. Therefore, we 
tested the performance of four commercially available PHH3 antibodies a small series of 
highly proliferating breast cancers in Chapter 7. 
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Abstract
Purpose: Ki67 has been proposed as prognostic proliferation marker in luminal breast cancer 
(BC), but little is known on the influence of Ki67 assessment methods on subtyping into 
luminal A- and B-like tumors. Our aim was to study the influence of different Ki67-Labelling 
Index (Ki67-LI) assessment methods on the proportion of BCs classified as luminal A-like. 

Patients and Methods: 280 early BCs were subtyped according to the St Gallen 2015 
definitions into 71% luminal (HER2 negative), 6% luminal B-like (HER2 positive), 13% triple 
negative, 1% HER2 positive (non-luminal), and 9% special type. We used nine defined 
counting methods to assess the Ki67-LI (including the International Ki67 in Breast Cancer 
Working Group recommendations), and compared the resulting medians and the proportions 
of cancers classified as luminal A-like according to the formerly used cut-off <20%.

Results: Methods assessing hot spots and tumor periphery resulted in significantly higher 
Ki67-LI medians than those measuring an average proliferation (27.45% vs 16.96%, p 
<0.0001). Substantially lower median Ki67-LI were found when assessing 1020 compared 
to counting 100, 200, 300 cells (17.65% vs 33%, vs 28%, vs 24.33%, respectively; p <0.0001) 
or 510 cells (20.59%, p = 0.019). Applying a standard Ki67-LI cut-off <20% to define low 
proliferation for all methods, the proportion of luminal A-like cancers varied between 13% 
and 44%. 

Conclusion: The proportion of BCs classified as luminal A-like is highly influenced by the 
Ki67-LI assessment method. As a consequence, the selection of a specific Ki67-LI assessment 
method may have a direct effect on the proportion of patients considered having low 
risk disease and thus influence therapeutic decision making. This calls for a standardized 
assessment method.
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Introduction
To provide individualized therapy concepts, many proposals have been made for a breast 
cancer subtyping according to its biological features [1-6]. One approach to a standardized 
subtyping is the St Gallen consensus recommendation, which is based on protein expression 
of estrogen (ER), progesterone (PgR) and HER2, and proliferation measurement [7]. 
While receptor status of breast cancers can be easily and reproducibly identified with 
immunohistochemical staining, a reliable, generally accepted measure of proliferation 
has not yet been established for routine purposes. As a compromise, the St Gallen 2013 
consensus  recommended to use the Ki67-labelling index (Ki67-LI) with a cut-off <20% in ER 
positive HER2 negative cancers, and in 2015 a majority of the panel accepted a threshold 
value within the range of 20%–29%  to distinguish between low risk luminal A-like tumors, 
which are agreed to be also less sensitive to chemotherapy, and high risk luminal B-like 
(HER2 negative) cancers, for which the benefit of cytotoxic treatment for the individual 
patient should be discussed [7, 8].  

However, already during the St Gallen consensus panel discussion in 2011 it became obvious 
that no standardized methodology for Ki67 was available at the time, assuming that Ki67-
LI could be observer and laboratory dependent [9]. As a consequence, the recommended 
Ki67-LI cut-off of 20% in 2013 could result in varying distributions of luminal A- and 
B-like (HER2 negative) cancers in different labs, leading to divergent decisions regarding 
cytotoxic treatment [7]. To date, a wide range of assessment methods for the Ki67-LI are 
being used, from simple eye-ball (“quick scan”) estimation to counts of more than 1000 
tumor cells and to automated digital image analysis [10]. In 2011, the International Ki67 
in Breast Cancer Working Group (InKi67BCWG) proposed a concept to standardize Ki67-LI 
assessment, with detailed recommendations regarding amount of analyzed cells, areas of 
interest, and adequacy of specimens for analysis and tissue fixation [11]. Although the need 
for standardization has been widely recognized [8], a generally accepted Ki67-LI counting 
protocol has not yet been established, and a direct comparison of published methods is 
not available. Our aim was therefore to assess the influence of different Ki67-LI assessment 
methods on the rates of luminal A-like tumors in a series of early breast cancers.
 
Patients and Methods
This study was approved by the Research Ethics Commission of the University Greifswald, 
Germany (protocol BB 142/15). 280 primary, unifocal, invasive breast cancers, either UICC 
stage I or II, of female patients who underwent surgery from November 2009 to February 
2013 in the Dietrich Bonhoeffer Medical Centre and its associated hospitals were graded, 
typed and staged centrally in our department. Mean patient age was 63 years, ranging 
from 30 to 89 years. 81 (29%) patients were screen detected, and 199 (71%) non-screen 
detected. 147 (52.5%) patients had pT1, and 133 (47.5%) had pT2 disease, respectively. 
221 (80%) patients were nodal negative, and 59 (20%) had one to three nodal metastases. 
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None of the patients had distant metastases at primary diagnosis or bilateral cancer, and 
none of the patients received neoadjuvant treatment. 55 (20%) had G1, 102 (36%) G2, and 
123 (44%) G3 disease, respectively. Histological typing (WHO 2012) revealed 218 (78%) 
cancers of no special type (NST), one NST/mixed type (<1%), and 36 (13%) invasive lobular 
cancers, and 25 (9%) were classified as other special types. All surgical excision specimens 
were sampled fresh by a specialized pathologist according to the Berlin-Buch protocol [12] 
and the European guidelines for quality assurance in breast cancer screening and diagnosis 
[13], prescribing fixation of the sampled tissue in formalin within 30 minutes after excision.

Immunohistochemistry
For immunohistochemical staining of ER, PgR, HER2 and Ki67, 4 µm thin tissue sections were 
dewaxed in xylene, acetone and TRIS-buffered saline, followed by heat induced epitope 
retrieval in pH 6.0 in a microwave oven (750 W). Sections were subsequently stained using 
Ki67 (clone MIB1, DAKO, Glostrup, Denmark, 1:200), ERα (clone 1D5, DAKO, 1:50), PgR (clone 
636, DAKO, 1:50) and HER2 (clone CB-11, Zytomed Systems, Germany, 1:100) monoclonal 
antibodies. The sections were incubated with the primary antibody for one hour using the 
DAKO REAL-detection system based on the labelled streptavidin-biotin method (DAKO), 
autostained (LINK48, DAKO), and visualized with 3-amino-9-ethylcarbazole, giving a brown 
staining in a hematoxylin blue counterstaining. Normal breast tissue within the sections was 
used as internal positive and/or negative control. ER, PgR and HER2 status was assessed on 
core biopsies using the ASCO 2007 and 2010 recommendations [14, 15]. 

Proliferation assessment
The formalin fixed paraffin embedded tissue block of the surgical excision with the highest 
mitotic activity was selected for Ki67-labelling. We digitized all slides at 40x with a high 
resolution slide scanner (SCN400, Leica Biosystems, Wetzlar, Germany). Each sample was 
counted on a PC monitor by one breast pathologist (C.M.F.) trained in Ki67 measurement 
and virtual microscopy. The observer was blinded to the results of other methods and the 
patient’s outcome with several weeks between counts of the same case. We used nine 
different protocols for Ki67-LI assessment:

Hot spot only methods:
1.) Ki67-Eye10, a simple eyeball estimation in 10% intervals in the tumor’s hot spot (area of 

highest Ki67 staining density) at 20 x described by Hida et al [16].
2.) Ki67-100hot, an in house protocol. At 5x or 10x a hot spot was identified, and 100 tumor 

cells were counted at 40x. 
3.) Ki67-200hot, a counting method supposed to be highly reproducible in a Swedish survey 

[17], based on counting 200 tumor cells in the hot spot at 40x.
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Periphery methods:
4.) Ki67-1020per, a protocol adopted from the International Ki67-Breast Cancer Working 

Group [11]. A total of 1020 cancer cells was counted in 3 fields at 40x (340 cells each) 
including the hot spot and two random spots in the tumor periphery. 

5.) Ki67-510per, the minimum variant of the original InKi67BCWG recommendation. A total 
of 510 cancer cells was counted in hot spot and two spots at the tumor periphery (170 
cells each).

6.) Ki67-300per, an in house short version of the InKi67BCWG recommendations. A total of 
300 tumor cells was counted in 3 HPF in the tumor periphery including the hot spot and 
two spots at the tumor’s periphery (100 cells each).

Average methods:
7.) Ki67-1020av, a protocol originally suggested by the InKi67BCWG for comparisons of 

surgical specimens with core biopsies [11]. A total of 1020 cancer cells was counted in 
3 high power fields (340 cells each) including the hot spot, the cold spot (area of lowest 
proliferative activity) and an area of intermediate proliferation, giving an average of the 
tumor’s proliferative activity.

8.) Ki67-510av, a minimum variant of the original InKi67BCWG recommendation. A total of 
510 cancer cells was counted in 3 HPF (170 cells each) including hot spot, cold spot and 
an area of intermediate proliferation.

9.) Ki67-300av, an in house protocol, imitating the InKi67BCWG recommendations. A total 
of 300 tumor cells was counted in 3 HPF (100 cells each) in hot spot, cold spot, and an 
area of intermediate proliferation.

The staining intensity was considered irrelevant for all methods. The percentage of positive 
cancer cells was noted as Ki67-LI (figure 1). Areas of necrosis, inflammation, micro-invasion, 
poor section quality, insufficient fixation and DCIS were excluded from the analysis. MAI of 
all 280 cancers was assessed by the same observer according to the protocol by Van Diest, 
and was calculated as number of mitotic figures in 1.59 mm² [18-20].



26 ST GALLEN 2015 SUBTYPING OF LUMINAL BREAST CANCERS

Figure 1: Simplified example of a Ki67-labelled breast cancer showing hot spot (red circle), cold spot (green 
circle), periphery area (orange circle), and area of intermediate proliferation (yellow circle)

St Gallen 2015 clinicopathological subtyping
ER positive HER2 negative cancers with both, low proliferation and PgR ≥20% were 
classified as luminal A-like. Low proliferation was defined as Ki67-LI <20%, the lower limit 
of the recommended range [8] or r Mitotic Activity Index <10/1.59 mm² [19, 20]. As PgR 
status may impact prognosis [21-23] ER positive tumors with PgR <20% were classified as 
“luminal B-like (HER2 negative) PgR low” without further proliferation assessment. All other 
ER and PgR positive tumors were classified as luminal B-like (HER2 negative). Except for 
invasive lobular tumors, special type cancers were not included in the luminal definition but 
classified according to their hormonal receptor status in special type hormonal responsive 
and hormonal non-responsive. 

Of 280 breast cancers, 189 (67%) were luminal (Her2 negative) with PgR ≥20%. 12 (4%) 
were luminal B (HER2 negative) PgR low, 18 (6%) luminal B (HER2 positive), 36 (13%) triple 
negative, 3 (1%) HER2 positive (non-luminal), 11 (4%) were special type hormonal non 
responsive, and 14 (5%) special type hormonal responsive.

Statistical analysis
Only cancers defined as luminal (HER2 negative) were included for further analysis. Median 
Ki67-LI and standard deviation were calculated for each method. We tested the null 
hypothesis that there is no difference in resulting median Ki67-LI between the nine Ki67-LI 
assessment methods with a Kruskal-Wallis test and subsequent Dunn’s post hoc pairwise 
multiple comparisons. The following methods were then analyzed separately: Ki67-100hot 
vs. Ki67-200hot vs. Ki67-300per; Ki67-300av vs. Ki67-510a vs. Ki67-1020av. Additionally, 
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methods with equal cell content were summarized as Ki67-300, Ki67-510 and Ki67-1020 
to compare differences in Ki67-LI medians between these groups. To investigate whether 
hot spot and periphery methods (Ki67-100hot, Ki67-200hot, Ki67-300per, Ki67-510per, and 
Ki67-1020per) and average methods (Ki67-300av, Ki67-510av, and Ki67-1020av) would result 
in comparable Ki67-LI medians, we used a Mann-Whitney test. p <0.05 was considered to 
indicate significant differences. 

Ki67-LI was also dichotomized for each case according to the formerly recommended cut-off 
of 20% as low- and high proliferative luminal tumors and calculated the resulting proportions 
of luminal A- and luminal B-like cancers for each assessment method.

The statistical tests were performed with SPSS Statistics version 23 (IBM Corp., Armonk, NY, 
USA). 

Results
Highest Ki67-LI were found by hot spot only methods (median 30.75%±18.78%), and lowest 
by average methods (median 16.96%±13.15%). Median Ki67-LI for periphery methods 
was 25.29%±16.67%. The respective median percentages Ki67-LI (±standard deviation) 
for the luminal (Her2 negative) tumors were in ascending order: 15.4±13.22 for Ki67-
1020av, 15.5±14.67 for Ki67-510av, 19.0±11.15 for Ki67-300av, 20.0±17.27 for Ki67-Eye10, 
20.57±16.77 for Ki67-1020per, 25.29±16.67 for Ki67-510per, 28.0±17.82 for Ki67-200hot, 
29.33±15.51 for Ki67-300per, and 33.0±19.56 for Ki67-100hot (figure 2). Median MAI was 
6.49±11.29 mitotic figures per 1.59 mm².  
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Figure 2: Boxplots showing median, quartiles, range, outliers (o), and extremes (*) for the 9 Ki67-LI assessment 
methods in breast cancer.

Significant differences in resulting Ki67 levels were found between the nine assessment 
methods (p <0.0001; post hoc comparisons are shown in table 1). 

Table 1: Comparison of medians of different Ki67-LI assessment methods using Kruskal-Wallis analysis of 
variance with post hoc Dunn’s test
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that the Ki67-LI assessment may be observer and laboratory dependent [7, 8]. In our study, 
Ki67 levels varied substantially when different assessment methods were used for the 
same series of early breast cancers, and Ki67-LI medians for hormone receptor positive and 
HER2 negative tumors ranged from 15.4% using Ki67-1020av to 33% using Ki67-100hot. 
Methods that analyzed only the hot spot or included hot spot and tumor periphery resulted 
in significantly higher Ki67-LI than global methods that assessed an average of the tumor’s 
proliferative activity. Applying the same cut-off to different methods, the percentage of 
tumors supposed to be luminal A-like varied from 13% to 44% in our series, actually. 

Only few studies have directly focused on comparing Ki67-LI assessment methods, and most 
of them highlight interobserver reproducibility [24, 25] or human versus digital automated 
counting performance [26-29]. Romero et al. systematically counted 1000 cells per Ki67-
labelled tumor in stepwise 10 cells-intervals in a hot spot area and found significantly 
lower Ki67-LI values when assessing 1000 tumor cells compared to 200 cells, assuming a 
dilution effect [30]. Christgen et al. performed computer-assisted digital image analysis on 
whole slide sections of one hundred breast cancers that were Ki67 stained. Depending on 
the number of analyzed cells, the median Ki67-LI varied between 55% and 15%. In their 
study, Ki67 levels reached some stability at region of interest sizes greater than 400 cells 
[31]. The results of these previous studies are consistent with our own findings, as Ki67-LI 
tended to be lower when 1020 cells were counted compared to 300, 200 or 100 cells, but no 
significant differences were found between average methods counting 510 vs. 1020 cancer 
cells. For methods counting hot spot and tumor periphery, however, the median Ki67-LI was 
substantially lower when 1020 cells were assessed compared to 510 cells, which indicates 
that the dilution effect described by Romero et al. [30] may be method-specific or could be 
influenced by proliferative intratumoral heterogeneity. 

There are several limitations of our study. While interlaboratory and interrater variability 
could be excluded, we did not analyze intraobserver reproducibility for each method, and 
thus intraobserver bias affecting the assessment results cannot be ruled out in general. Also, 
we cannot provide any comparison to classifications on a molecular level. Since consistent 
data on distributions of luminal A- vs luminal B-like (HER2 negative) tumors are not available 
due to lack of standardized definitions in both proteomic and molecular terms [8, 32-34], 
and since follow up is too short yet in our study to provide valid outcome information, we 
emphasize that our results are not appropriate to decide which proliferation assessment 
method should be preferred for the definition of a ‘true’ luminal A-like breast cancer. 
However, it is of interest from a methodological perspective that MAI, Ki67-510a and Ki67-
1020a showed a quite similar proportion of cancers classified as luminal A-like when the 
formerly recommended Ki67-LI cut-off <20% was used. 
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In 2015, the St Gallen consensus panel proposed to use the lab-specific median Ki67-LI 
of the local hormone receptor positive and HER2 negative cancers as a potential cut-off 
to distinguish between luminal A-like and luminal B-like tumors [8]. Other authors have 
suggested to use the Ki67-LI exclusively as a continuous instead of binary proliferation 
marker [35, 36], but changing the statistical approach should of course not be considered 
a compensation for a lack of assessment standards. Our data support a method-specific 
approach for the interpretation of Ki67-LI results. To our knowledge, this is the first direct 
comparison of commonly used Ki67 assessment methods in a centrally stained breast cancer 
series with a single observer and in due consideration of clinical implications. 

In conclusion, the choice for a specific Ki67-LI assessment method may impact the proportion 
of patients considered having low risk luminal disease, and may thus impact therapeutic 
decision making, especially when cut-offs are not adjusted to lab-specific protocols.
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Abstract 
Background
Regional differences in proliferative activity are commonly seen within breast cancers, but 
little is known on the extent of intratumoral heterogeneity of Ki67 expression. Our aim 
was to study intratumoral heterogeneity of Ki67 expression in early breast cancers and its 
association with clinicopathological features like oestrogen receptor (ER) status, grade and 
histological subtype.

Methods
The Ki67-labelling index (Ki67-LI) was assessed in hot, cold and intermediate spots of 233 
invasive breast cancers by counting a total of 1020 cells, according to a protocol of the 
International Ki67 in Breast Cancer Working Group. Differences between the spots per 
tumour were further analysed for clinicopathological subgroups defined by ER status, grade 
and histological subtype.

Results
All clinicopathological subgroups showed significant differences in Ki67-LI between hot, 
intermediate and cold spots (p <0.0001). The coefficient of variance (CV) between the spots 
was higher in ER positive than in ER negative cancers (72.6% vs 49.2%, p <0.0001), and was 
highest in grade 3 (96.12%), grade 1 (87.27%) and invasive lobular tumours (83.59%), and 
lowest in medullary (26.48%) cancers. Nested analysis of variance indicated that in both 
ER positive and ER negative cancers, variance in Ki67-LI within tumours contributed more 
to the total variance (56% for ER positive, 60% for ER negative cancers) than the variance 
between tumours.

Conclusion
Intratumoral heterogeneity in Ki67-LI is an ubiquitous phenomenon across various 
pathological subgroups of breast cancer that may impact assessment of Ki67 levels for 
clinical decision making, and sheds new light on recommended cut-offs.
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Introduction
Intratumoral heterogeneity of breast cancer is a phenomenon that exists on a clinical, 
morphologic and molecular level [1], and may occur synchronously [2, 3] and metachronously 
[4]. Both spatial and evolutionary intratumor variability have recently caused severe concern 
in the scientific community since they challenge the current concept of precision medicine 
[5]. 

Intratumor heterogeneity of proliferation is commonly seen in most breast cancers, e.g. 
as varying mitotic activity, and is a well-known source of sampling error when histological 
grade in core needle biopsies is compared to grade in the subsequent surgical excision 
specimens [6]. Although variability in proliferation has been widely recognized and even 
taken into account for assessment recommendations like the mitotic activity index [7] or 
the Ki67 expression [8], the extent of proliferative intratumor heterogeneity is still poorly 
studied.

Ki67 is a protein that is expressed in all phases of the cell cycle except for resting cells in 
G₀ [9]. It has been recommended as an immunohistochemical marker of proliferation for 
clinicopathological subtyping of oestrogen receptor (ER) positive breast cancers by the St 
Gallen consensus panel [10-12], and the corresponding MKI67 gene forms an integral part 
of prognostic molecular tests like the 21-gene assay [13]. Despite disadvantages in terms 
of interobserver variability [14], and lack of assessment and application standards that are 
currently debated [10, 15, 16], it allows identification of areas with high (‘hot spot’) and low 
(‘cold spot’) concentrations of cells within the cell cycle at a glance, and can be quantified as 
a percentage of positive cells, the Ki67-labelling index (Ki67-LI).

Our aim was therefore to study the extent of intratumor heterogeneity of Ki67 expression 
in early breast cancers and assess its association with clinicopathological features like ER 
status, grade and histological subtype. 
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Methods
This study was approved by the Research Ethics Commission of the University Greifswald, 
Germany (protocol BB 144/15). 

Two hundred and thirty-three patients with primary, unilateral invasive breast cancer were 
retrospectively selected out of 654 patients who underwent surgery from 2010 to 2013 
in the Dietrich Bonhoeffer Medical Centre and its associated hospitals. Criteria for study 
inclusion were unifocality and early stage disease (either UICC I or II). Median patient 
age was 63 years (ranging from 30 to 89 years). Seventy-one (30%) cancers were screen 
detected, and 162 (70%) were non-screen detected. Three (1%) had pT1a, 21 (9%) pT1b, 102 
(44%) pT1c, and 107 (46%) pT2 disease, respectively. Hundred and eighty-three (79%) were 
nodal negative, 43 (18%) had one to three nodal metastases, and 7 (3%) had one micro-
metastasis only in the sentinel node. Thirty-six (15.5%) cancers were grade 1, 106 (45.5%) 
grade 2, and 91 (39%) grade 3 respectively. Histological typing revealed 178 (76%) cancers 
of no special type (NST), 31 (13%) invasive lobular, 6 (3%) mucinous, 3 (1%) solid-papillary, 
4 (2%) micropapillary, 1 (1%) tubular, 3 (1%) medullary), and 7 (3%) metaplastic cancers. 

Immunohistochemistry
For immunohistochemical staining of ER, PgR, HER2 and Ki67, 4 µm thin tissue sections were 
dewaxed in xylene, acetone and TRIS-buffered saline, followed by heat induced epitope 
retrieval in pH 6.0 in a microwave oven (750 W). Sections were subsequently stained 
using Ki67 (clone MIB1, DAKO, Glostrup, Denmark, 1:200), ERα (clone 1D5, DAKO, 1:50), 
PgR (clone 636, DAKO, 1:50) and HER2 (clone CB-11, Zytomed Systems, Germany, 1:100) 
monoclonal antibodies. The sections were incubated with the primary antibody for one hour 
using the DAKO REAL-detection system based on the labelled streptavidin-biotin method 
(DAKO, Glostrup, Denmark), autostained (LINK48, DAKO), and visualized with 3-amino-9-
ethylcarbazole, giving a brown staining in a haematoxylin blue counterstaining. Normal 
breast tissue within the sections was used as internal positive and/or negative control.
ER, PgR and HER2 status was assessed on core needle biopsies according to the ASCO 2007 
and 2010 recommendations [17, 18]. All tumours that were either triple negative, HER2 
negative or grade 3 or had a PgR status <20% in the core needle biopsy were re-tested 
for the respective receptors in the surgical excision specimen and results were adjusted 
accordingly. No hormonal receptor positivity was observed in 42 re-tested surgical excisions 
after previous negativity in the core biopsy of triple negative, ER and PgR negative and HER2 
positive cases. HER2 overexpression in the surgical excision after previous negativity in the 
biopsy was observed in one of 85 cases (1%). For ER positive HER2 negative cancers, we 
found a substantially higher PgR status in the surgical specimen than in the biopsy in 15 of 
27 cases (55%).
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Ki67-LI assessment
The paraffin tissue block of the surgical excision with the highest mitotic activity in 
haematoxylin and eosin staining was used for Ki67-labelling, and the Ki67 stained slide 
was then analysed without correlation to mitotic activity in the H&E slide. A protocol of 
the International Ki67 in Breast Cancer Working Group that was originally suggested for 
comparisons of surgical specimens with core cut biopsies was used for this study [8]. The 
Ki67 stained slides were digitized at 40x with a high resolution slide scanner (SCN400, Leica 
Biosystems) at the department of pathology, Dietrich Bonhoeffer Medical Centre, and 
images were analysed manually on a PC monitor by one breast pathologist (CMF) trained 
in Ki67 measurement and virtual microscopy. A total of 1020 cancer cells was counted in 
3 high power fields (340 cells per field) including the hot spot, the cold spot and an area 
of intermediate proliferation, thereby providing an average of the tumour’s proliferative 
activity. The area with the subjectively highest concentration of Ki67 stained cells was 
defined as hot spot, the area with lowest concentration of Ki67 positive cells as cold spot. 
For the area of intermediate proliferation, a spot representative for an average proliferative 
activity was selected. We also noted whether the location of the respective spot was in the 
periphery or in the centre (outer vs inner half of an approximated radius) of the tumour, and 
whether the Ki67 expression pattern was either diffuse and forming a gradient or showing a 
low baseline Ki67 level with few extremes (hot spots). Any nuclear red-brown staining of an 
invasive cancer cells, irrespective of staining intensity, was accepted as positive, and mitotic 
figures, if present, were used as positive internal control. The percentage of positive cancer 
nuclei was noted as Ki67-LI for each spot and averaged for the total of 1020 cells (Figure 1). 

Figure 1: simplified example of the Ki67-labelling index assessment method showing hot spot (red circle), cold 
spot (green circle), and an area of intermediate proliferation (yellow circle), together leading to the average 
proliferative activity.

Areas of necrosis, inflammation, micro-invasion, poor section quality, insufficient fixation 
and DCIS were excluded from the analysis. 
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Statistical analysis
First, we calculated the percentages of positive cells per hot, intermediate and cold spots, 
and tested differences by Kruskal-Wallis one-way analysis of variance. The variance among 
the three spots of each tumour was calculated, and the variances of all tumours were 
averaged and square rooted to get the mean standard deviation (mean SD) among the spots 
of all tumours. To make heterogeneity of Ki67 levels in lower ranges comparable to those 
in higher Ki67-LI, we calculated the relative standard deviation (coefficient of variation, CV) 
among the spots for each subgroup. 

CV, mean SD and SD ranges among the spots were calculated for ER positive, ER negative, 
grades 1, 2 and 3 cancers, and for all cases together, respectively. Additionally, we defined 
the following subgroups and calculated CV, mean SD and SD ranges among the spots: ER 
positive NST overall, ER positive NST grade 1, ER positive NST grade 2, ER positive NST 
grade 3, ER positive NST Her2 negative, ER positive NST HER2 positive, ER positive invasive 
lobular, ER positive other special types (containing 6 mucinous, 1 tubular, 3 solid-papillary 
and 4 micropapillary cancers), ER negative NST overall, ER negative NST HER2 negative, ER 
negative NST HER2 positive, ER negative medullary, and ER negative metaplastic cancers, 
respectively. Difference between ER positive and ER negative cancers in mean Ki67-LI and 
mean CV among the spots were tested with the Mann-Whitney U-test.

A nested (hierarchical) two- and three-level ANOVA was performed to assess the relative 
contribution of variance on different levels to the total variance. The nested design allows 
analysis of variance on different hierarchical levels (the spots within the tumours within the 
defined subgroups) that takes into consideration the original values of the three different 
spots per tumour as a sub-subgroup and partitions the variance instead of resuming the 
spot values of the tumours as if they were independent observations like in one-way ANOVA. 
Effectively, the spot values of each tumour are found in combination with only one of the 
defined clinicopathological subgroups. The variance partitioning shows the percentage of 
variance that each variance component contributes to the total variance. In our setting it 
was of interest to compare if the variance between the spots within tumours is higher or 
lower than the variance between the tumours, or among the defined subgroups (e.g. ER 
positive and ER negative).

For the two-level nested ANOVA, the spots within the tumours were nested in the tumours 
and the tumours were nested in the defined subgroups. For the three-level nested ANOVA, 
the spots within the tumours were nested in the tumours, the tumours within in the defined 
subgroups, and the subgroups were nested in the whole group.

For the ER positive Her2 negative cancers that were either NST or lobular, we dichotomized 
Ki67 levels of the three spots and the average of the spots per tumour according to the 
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formerly recommended cut-off <20% to define luminal A (vs luminal B with a Ki67-LI ≥20%) 
tumours [11]. We then calculated the proportions of cancers classified as luminal A according 
to the Ki67-LI of the respective spot and investigated whether the proportions of luminal A 
were comparable between the spots with a Cochran’s Q test.

The statistical tests were calculated with SPSS Statistics version 21.0 (IBM Corp., Armonk, 
NY, USA). The two- and three-level nested ANOVA with variance partitioning was performed 
with SAS software version 9.3 (SAS Institute Inc., Cary, NC, USA). p values <0.05 were 
regarded as significant.
 
Results
ANOVA indicated significant differences between hot spot, intermediate area and cold spot 
in all tumour subgroups (all p<0.0001) except for medullary (p = 0.148) and metaplastic 
cancers (p = 0.148) which probably did not achieve sufficient statistical power due to small 
sample sizes (Graphs 1 to 8).

Graph 1: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
all tumours
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Graph 2: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
ER positive cancers 

Spots
Cold SpotIntermediate SpotHot Spot

K
i6

7-
La

be
lli

ng
 in

de
x 

(%
)

100,00

80,00

60,00

40,00

20,00

,00

472

451

430

421

401

391

261

240
201

505

491

488

473

345

231

217

215

211

147

130

71

60
50

41
11

ER positive Breast Cancers

Seite 1

Graph 3: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
ER negative cancers
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Graph 4: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
ER positive NST cancers
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Graph 5: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
ER negative NST cancers
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Graph 6: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
invasive lobular cancers
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Graph 7: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
medullary cancers
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Graph 8: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
metaplastic cancers
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Mean Ki67-LI, mean SD, SD ranges, and CV among the spots for the defined subgroups are 
shown in Table 1. The mean Ki67-LI was higher in ER negative than in ER positive cancers 
(48.03% vs 18.58%, p <0.0001). The CV among the spots was higher in ER positive than 
in ER negative cancers (72.6% vs 49.2%, p <0.0001), and was highest in grade 3 (96.12%), 
grade 1 (87.27%) and invasive lobular tumours (83.59%), and lowest in medullary (26.84%) 
cancers. The respective absolute Ki67-LI percentage means and mean SD among the spots 
were 18.58±13.49% for ER positive, 48.03±23.63% for ER negative, 21.64±20.8% for grade 
3, 9.74±8.5% for grade 1, 12.92±10.8% for invasive lobular, and 76.96±20.66% for medullary 
cancers.  

Seventy-four percent of the tumours in our series showed a diffuse Ki67 expression pattern, 
and 26% a pattern with one or more hots spots of considerably higher Ki67 levels than the 
average. Hot spot and intermediate area were most often located in the tumour periphery 
(94.4% and 92.7%, respectively), whereas the cold spot was found almost as often in the 
periphery (50.2%) as in the tumour centre (49.8%). The results are shown in detail in table 2.
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Table 1: Ki67-LI descriptives of all breast cancers and the various subgroups
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NST G2 66 16.97 ±9.68 0.98 - 44.71 ±12.86 1 - 28.62 ±75.78 

NST G3 49 29.58 ±16.38 9.51 - 83.13 ±17.92 1 - 43.82 ±60.58 

NST HER2- 132 19.08 ±13.94 0.69 - 83.13 ±13.86 0.75 - 43.82 ±72.64 

NST HER2+ 14 26.45 ±11.24 9.51 - 43.33 ±16.49 5.57 - 36.0 ±62.34 

IL 31 12.92 ±9.92 2.45 - 46.86 ±10.8 1.53 - 30.50 ±83.59 

other 14 18.85 ±18.69 5.29 - 81.27 ±11.71 1.53 - 17.69 ±62.12 

ER negative tumours 

  

Overall 42 48.03 ±22.96 3.23 - 91.37 ±23.63 2.52 - 45.08 ±49.2 

NST 32 46.72 ±20,46 3.23 - 81.57 ±25.23 2.7 - 45.08 ±54.0 

NST HER2- 29 47.8 ±17,05 3.23 - 81.57 ±25.82 2.7 - 45.08 ±54.02 

NST HER2+ 3 36.24 ±20,73 21.67 - 55 ±18.62 8.02 - 24.02 ±51.38 

medullary 3 76.96 ±16.08 59.61 - 91.37 ±20.66 2.52 - 27.54  ±26.84 

metaplastic 7 41.62 ±29.63 7.25 - 86.56 ±16.12 2.88 - 23.24 ±38.73 

 Table 1: Ki67-LI descriptives of all breast cancers and the various subgroups 

 

Seventy-four percent of the tumours in our series showed a diffuse Ki67 expression pattern, and 26% a pattern 

with one or more hots spots of considerably higher Ki67 levels than the average. Hot spot and intermediate 

area were most often located in the tumour periphery (94.4% and 92.7%, respectively), whereas the cold spot 

was found almost as often in the periphery (50.2%) as in the tumour centre (49.8%). The results are shown in 

detail in table 2. 

  

n 
Expression Pattern Location of the counted spots 

Diffuse 
Hot  Hot Spot Intermediate Area Cold Spot 
Spots Periphery Centre Periphery  Centre Periphery  Centre 

ER positive 

  

Overall 
G1 36 26 (72%) 10 (28%) 33 (92%) 3 (8%) 34 (94%) 2 (6%) 13 (36%) 23 (64%) 

G2 99 74 (75%) 25 (25%) 92 (93%) 7 (7%) 88 (89%) 11 (11%) 44 (44%) 45 (46%) 

G3 56 37 (56%) 19 (44%) 53 (95%) 3 (5%) 55 (98%) 1 (2%) 32 (57%) 24 (43%) 

NST 
HER2 - 

G1 31 21 (68%) 10 (32%) 29 (93%) 2 (7%) 29 (93%) 2 (7%) 11 (36%) 20 (64%) 

G2 63 47 (75%) 16 (25%) 59 (94%) 4 (6%) 55 (87%) 8 (13%) 31 (49%) 32 (51%) 

G3 39 25 (64%) 14 (36%) 37 (95% 2 (5%) 38 (98%) 1 (2%) 20 (51%) 19 (49%) 

NST 
HER2 + 

G1 0 n/a n/a n/a n/a n/a n/a n/a n/a 

G2 4 4 (100%) 0 (0%) 3 (75%) 1 (25%) 3 (75%) 1 (25%) 1 (25%) 3 (75%) 

G3 11 8 (73%) 3 (27%) 10 (91%) 1 (9%) 11 (100%) 0 (0%) 7 (64%) 4 (36%) 

IL 
G1 2 2 (100%) 0 (0%) 2 (100%) 0 (0%) 2 (100%) 0 (0%) 0 (0%) 2 (100%) 

G2 22 17 (77%) 5 (23%) 21 (95%) 1 (5%) 21 (95%) 1 (5%) 9 (41%) 13 (59%) 

G3 4 2 (50%) 2 (50%) 4 (100%) 0 (0%) 4 (100%) 0 (0%) 4 (100%) 0 (0%) 

other 
G1 3 3 (100%) 0 (0%) 2 (67%) 1 (33%) 3 (100%) 0 (0%) 2 (67%) 1 (33%) 

G2 10 6 (60%) 4 (40%) 9 (90%) 1 (10%) 9 (90%) 1 (10%) 3 (30%) 7 (70%) 

G3 2 2 (100%) 0 (0%) 2 (100%) 0 (0%) 2 (100%) 0 (0%) 1 (50%) 1 (50%) 
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Graph 3: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
ER negative cancers 

 

Graph 4: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
ER positive NST cancers 

 

Graph 5: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
ER negative NST cancers 

 

Graph 6: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
invasive lobular cancers 

 

Graph 7: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
medullary cancers 

 

Graph 8: Mean, standard deviation, range and outliers of Ki67 rates in hot spot, intermediate and cold spots for 
metaplastic cancers 

Mean Ki67-LI, mean SD, SD ranges, and CV among the spots for the defined subgroups are shown in Table 1. 

The mean Ki67-LI was higher in ER negative than in ER positive cancers (48.03% vs 18.58%, p <0.0001). The CV 

among the spots was higher in ER positive than in ER negative cancers (72.6% vs 49.2%, p <0.0001), and was 

highest in grade 3 (96.12%), grade 1 (87.27%) and invasive lobular tumours (83.59%), and lowest in medullary 

(26.84%) cancers. The respective absolute Ki67-LI percentage means and mean SD among the spots were 

18.58±13.49% for ER positive, 48.03±23.63% for ER negative, 21.64±20.8% for grade 3, 9.74±8.5% for grade 1, 

12.92±10.8% for invasive lobular, and 76.96±20.66% for medullary cancers.   

  
n Ki67LI mean SD among Ki67LI range mean SD SD range mean CV 

  of tumors tumors of tumors among spots among spots among spots 

  (%) (%) (%) (%) (%) (%) 

All tumours 

  

Overall 233 23.91 ±19.47 0.69 - 91.37 ±15.08 0.75 - 45.08 ±63.07 

Grade 1 36 9.74 ±5.16 0.69 - 20.2 ±8.5 0.75 - 14.74 ±87.27 

Grade 2 106 15.81 ±9.85 0.98 - 55.0 ±12.36 1 - 28.62 ±78.18 

Grade 3 91 21.64 ±21.62 8.04 - 91.37 ±20.8 1 - 45.08 ±96.12 

ER positive tumours 

  

Overall 191 18.58 ±13.98 0.69 - 83.13 ±13.49 0.75 - 43.82 ±72.6 

NST 146 19.78 ±13.85 0.69 - 83.13 ±14.13 0.75 - 43.82 ±71.43 

NST G1 31 10.3 ±5.22 0.69 - 20.2 ±9.01 0.75 - 14.74 ±87.47 
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Table 2: Percentages of tumours showing diffuse or a hots spots expression pattern of Ki67 and location of the 
three spots within the tumours
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ER negative 

  

Overall 
G1 0 n/a n/a n/a n/a n/a n/a n/a n/a 

G2 7 6 (86%) 1 (14%) 7 (100%) 0 (0%) 6 (86%) 1 (14%) 5 (71%) 2 (29%) 

G3 35 29 (83%) 6 (17%) 35 (100%) 0 (0%) 33 (94%) 2 (6%) 23 (66%) 12 (34%) 

NST 
HER2 - 

G1 0 n/a n/a n/a n/a n/a n/a n/a n/a 

G2 2 2 (100%) 0 (0%) 2 (100%) 0 (0%) 1 (50%) 1 (50%) 1 (50%) 1 (50%) 

G3 27 22 (81%) 5 (19%) 27 (100%) 0 (0%) 25 (93%) 2 (7%) 18 (67%) 9 (33%) 

NST HER 
+ 

G1 0 n/a n/a n/a n/a n/a n/a n/a n/a 

G2 2 2 (100%) 0 (0%) 2 (100%) 0 (0%) 2 (100%) 0 (0%) 2 (100%) 0 (0%) 

G3 1 1 (100%) 0 (0%) 1 (100%) 0 (0%) 1 (100%) 0 (0%) 1 (100%) 0 (0%) 

other 
G1 0 n/a n/a n/a n/a n/a n/a n/a n/a 

G2 3 2 (67%) 1 (33%) 3 (100%) 0 (0%) 3 (100%) 0 (0%) 2 (67%) 1 (33%) 

G3 7 6 (86%) 1 (14%) 7 (100%) 0 (0%) 7 (100%) 0 (0%) 4 (57%) 3 (43%) 
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area were most often located in the tumour periphery (94.4% and 92.7%, respectively), whereas the cold spot 

was found almost as often in the periphery (50.2%) as in the tumour centre (49.8%). The results are shown in 

detail in table 2. 

  

n 
Expression Pattern Location of the counted spots 

Diffuse 
Hot  Hot Spot Intermediate Area Cold Spot 
Spots Periphery Centre Periphery  Centre Periphery  Centre 

ER positive 

  

Overall 
G1 36 26 (72%) 10 (28%) 33 (92%) 3 (8%) 34 (94%) 2 (6%) 13 (36%) 23 (64%) 

G2 99 74 (75%) 25 (25%) 92 (93%) 7 (7%) 88 (89%) 11 (11%) 44 (44%) 45 (46%) 

G3 56 37 (56%) 19 (44%) 53 (95%) 3 (5%) 55 (98%) 1 (2%) 32 (57%) 24 (43%) 

NST 
HER2 - 

G1 31 21 (68%) 10 (32%) 29 (93%) 2 (7%) 29 (93%) 2 (7%) 11 (36%) 20 (64%) 

G2 63 47 (75%) 16 (25%) 59 (94%) 4 (6%) 55 (87%) 8 (13%) 31 (49%) 32 (51%) 

G3 39 25 (64%) 14 (36%) 37 (95% 2 (5%) 38 (98%) 1 (2%) 20 (51%) 19 (49%) 

NST 
HER2 + 

G1 0 n/a n/a n/a n/a n/a n/a n/a n/a 

G2 4 4 (100%) 0 (0%) 3 (75%) 1 (25%) 3 (75%) 1 (25%) 1 (25%) 3 (75%) 

G3 11 8 (73%) 3 (27%) 10 (91%) 1 (9%) 11 (100%) 0 (0%) 7 (64%) 4 (36%) 

IL 
G1 2 2 (100%) 0 (0%) 2 (100%) 0 (0%) 2 (100%) 0 (0%) 0 (0%) 2 (100%) 

G2 22 17 (77%) 5 (23%) 21 (95%) 1 (5%) 21 (95%) 1 (5%) 9 (41%) 13 (59%) 

G3 4 2 (50%) 2 (50%) 4 (100%) 0 (0%) 4 (100%) 0 (0%) 4 (100%) 0 (0%) 

other 
G1 3 3 (100%) 0 (0%) 2 (67%) 1 (33%) 3 (100%) 0 (0%) 2 (67%) 1 (33%) 

G2 10 6 (60%) 4 (40%) 9 (90%) 1 (10%) 9 (90%) 1 (10%) 3 (30%) 7 (70%) 

G3 2 2 (100%) 0 (0%) 2 (100%) 0 (0%) 2 (100%) 0 (0%) 1 (50%) 1 (50%) 

The most influential variance component in three-level nested ANOVA was ER status (48% 
of total variance). The variance between the spots within the tumours contributed 30% to 
the total variance and was higher between tumours (18%) than between subgroups (4%) 
(Table 3). 
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Table 3: Variance partitioning by three-level nested analysis of variance showing the percentage of total variance 
contributed by each variance component and p values for significant differences among tumours, subgroups and 
groups.
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Table 2: Percentages of tumours showing diffuse or a hots spots expression pattern of Ki67 and location of the 
three spots within the tumours 

 

The most influential variance component in three-level nested ANOVA was ER status (48% of total variance). 

The variance between the spots within the tumours contributed 30% to the total variance and was higher 

between tumours (18%) than between subgroups (4%) (Table 3).  

  
number  p value p value  p value  variance  variance  variance  variance  

  of among  among  among  component component component component 

  tumors groups subgroups tumors group subgroup tumor spot 

          percentage of percentage of percentage of percentage of 

          total variance total variance total variance total variance 
group subgroup 

ER NST HER2 positive 132 

0.001 <0.0001 <0.0001 48 4 18 30 

positive NST HER2 negative 14 

  invasive lobular 31 

  other special types 14 

ER NST HER2 negative 29 

negative NST HER2 positive 3 

  medullary 3 

  metaplastic 7 

Table 3: Variance partitioning by three-level nested analysis of variance showing the percentage of total 
variance contributed by each variance component and p values for significant differences among tumours, 
subgroups and groups. 

 

When tumours were further subgrouped with respect to their ER status in two-level nested ANOVA, variance 

between the spots (56% for ER positive subgroups, and 60% for ER negative subgroups, respectively) was 

higher than variance between tumours or between subgroups (Table 4). 

  number Tukey p value p value variance  variance  variance  
  of grouping among among component component component 
  tumors 

 
subgroups tumors subgroup tumor spot 

    
 

  
 

percentage 
of 

percentage 
of 

percentage 
of 

          
total 
variance 

total 
variance 

total 
variance 

subgroup 

ER positive 191 A 
<0.0001 <0.0001 50 20 30 

ER negative 42 B 

Overall grade 1 36 A <0.0001 <0.0001 38 23 39 

When tumours were further subgrouped with respect to their ER status in two-level nested 
ANOVA, variance between the spots (56% for ER positive subgroups, and 60% for ER negative 
subgroups, respectively) was higher than variance between tumours or between subgroups 
(Table 4).

Applying a cut-off <20% to each spot of the 159 NST and invasive lobular ER positive HER2 
negative cancers, the proportion of cancers classified as luminal A differed substantially 
between the spots (hot spot: 34%; intermediate area: 73%; cold spot: 94%; p <0.0001). The 
respective proportions of luminal A in the invasive lobular cancers were: 50% for the hot 
spot, 86% for the intermediate, and 100% for the cold spot, respectively. The proportions of 
luminal A cancers among the ER positive HER2 negative NST tumours were: 30% for the hot 
spot, 70% for the intermediate, and 93% for the cold spot, respectively. The proportions of 
luminal A cancers according to the average Ki67-LI of the three spots were 66% for the NST, 
82% for the lobular, and 69% of the NST and invasive lobular tumours in total.
Time needed for Ki67 counting was documented for 157 tumours. The mean time for 
assessing all three spots was 12±3 minutes per tumour (range: 3 to 23 minutes).
 

Table 4: Variance partitioning by nested two-level analysis of variance showing the percentage of total variance 
contributed by each variance component. P values <0.05 indicate significant differences among the groups, post 
hoc Tukey grouping indicates significant differences among subgroups with different letters.
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three spots within the tumours 
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The variance between the spots within the tumours contributed 30% to the total variance and was higher 

between tumours (18%) than between subgroups (4%) (Table 3).  
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Applying a cut-off <20% to each spot of the 159 NST and invasive lobular ER positive HER2 negative cancers, the 
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intermediate area: 73%; cold spot: 94%; p <0.0001). The respective proportions of luminal A in the invasive 
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The proportions of luminal A cancers among the ER positive HER2 negative NST tumours were: 30% for the hot 

spot, 70% for the intermediate, and 93% for the cold spot, respectively. The proportions of luminal A cancers 

according to the average Ki67-LI of the three spots were 66% for the NST, 82% for the lobular, and 69% of the 

NST and invasive lobular tumours in total. 

Time needed for Ki67 counting was documented for 157 tumours. The mean time for assessing all three spots 

was 12±3 minutes per tumour (range: 3 to 23 minutes). 
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Discussion
Individual tumour characteristics play a key role in the concept of personalized medicine in 
breast cancer. While subtyping into clinicopathological subgroups of distinct response and 
outcome is rather unproblematic in ER negative tumours when the histologic subtype is 
respected, prognostication in ER positive tumours by assessing the Ki67-LI by has become 
a major issue [10, 11, 15]. In the present study, we demonstrate significant intratumoral 
heterogeneity of Ki67 expression across histopathological subgroups, but especially in ER 
positive tumours. This finding is of clinical importance since the regional differences in Ki67 
expression within a tumour may cross recommended cut-offs for chemotherapy decisions. 
At the same time, ER positive NST cancers are the clinicopathological subgroup that is most 
eligible for further subtyping (into luminal A and B cancers) based on Ki67-LI (next to HER2 
overexpression) [10-12]. Applying the formerly recommended cut-off <20% to ER positive 
HER2 negative cancers in our series to define luminal A [11], the proportions of tumours 
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considered low risk varied substantially between the spots (assessing the hot spot only: 
34%, assessing only the intermediate area: 73%, counting the cold spot only: 94%, and 
calculating an average of the three spots: 69%).

The differences of Ki67-LI between the three assessed spots of each tumour were higher 
than the differences between tumours or among subgroups that were stratified by ER 
status. The CV between spots was highest in ER positive, highest in grade 3, grade 1 and 
invasive lobular cancers, indicating that these subgroups have the highest tendency to form 
an “invasive front”, while medullary and metaplastic breast cancers that had lowest CVs 
have least such tendency.

Due to varying assessment methods, lab specific Ki67 values and different approaches to 
depict heterogeneity of Ki67 expression, it is difficult to compare our results to those of 
previous studies on error sources in Ki67 assessment. Nevertheless, the findings of regional 
differences in Ki67 expression of Connor et al. [19], Nassar et al. [20] and Himuro et al. 
[21] are consistent with our own, even though the extent of intratumoral heterogeneity in 
previous studies is considerably lower. Connor et al. compared the Ki67 rates of the tumour 
centre with rates at the tumour periphery in a total of twenty standardized high power fields 
and found a significantly higher Ki67 expression in the tumour periphery than in the centre 
of NST and lobular cancers but not in other histological types. The extent of heterogeneity 
was depicted as ratio of means of periphery to centre Ki67-LI with a mean Ki67-LI of 10.41% 
for the central and 12.98% for the peripheral area. Information on ER status was, however, 
not available [19]. Nassar et al. sampled three random regions per tumour with three 
sample cores per region for tissue microarray construction of 44 invasive breast cancers. The 
intraclass correlation coefficient among the regions per tumour was 0.63, indicating distinct 
variability of Ki67 expression among the regions [20]. Himuro et al. found higher Ki67-LI in 
hot spots than in averaged four random high power fields in ER positive NST and lobular 
cancers and found intratumor heterogeneity (depicted as subtraction of the averaged Ki67-
LI from the Ki67-LI of the hot spot) as high as 20 to 40% [21].

In contrast to these previous studies that adhered either to strict sampling of two distinct 
locations [19], or to random sampling [20, 21], the area of interest selection in our own 
study was driven by identifying spots that match the predefined criteria of low, intermediate 
and high proliferation to represent extreme differences within a tumour. We also decided 
to standardize the analysed cell amount per spot to make both Ki67 rates among spots and 
among tumours comparable to each other, since differences in cell number may influence 
resulting Ki67 levels [22, 23]. We did not outline distinct area sizes of the measured spots 
and their relation to each other, actually, nor did we calculate Ki67 expression of the total of 
invasive cancer cells within a tumour. It should be noted that the absolute Ki67-LI differences 
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showing the clinical relevance of proliferative intratumor heterogeneity are thereby specific 
for our lab and may vary among institutions [24]. 

Intratumor heterogeneity of proliferation in breast cancers has also been shown as 
differences in mitotic activity between periphery and tumour core [25]. However, while 
Ki67-labelling captures all cells within the cell cycle that may or may not undergo division 
[26], mitoses are only recognizable when cells actually divide. Although a correlation of 
both markers has been shown [27], the duration of cell cycles may vary among tumours 
and decouple from effective cell division [28]. Thus, the extent of heterogeneity in Ki67 
expression demonstrated in our study may be comparable but not identical to intratumoral 
heterogeneity of mitotic activity due to differences in assessment method and biological 
context. 

The results of our study are also not eligible to answer the question whether intratumor 
heterogeneity should be taken into account for the Ki67-LI or only the hot spot should be 
counted, since our aim was merely to describe the phenomenon. However, it should be 
kept in mind that counting the hot spot only resulted in considerably higher Ki67 levels than 
calculating the average Ki67-LI of the three spots and that in tumours showing an expression 
pattern with hot spots in an otherwise low baseline proliferation, assessing the hot spot 
only may not be representative for the whole tumour.

In conclusion, although the extent may differ individually, our data indicate that significant 
intratumoral heterogeneity of Ki67 expression exists across histopathological subgroups 
of early breast cancer, and that the intratumoral differences even exceed the variability 
between tumours. These findings seem to be especially clinically relevant for ER positive 
breast cancers of no special type, and may stimulate re-evaluation of current clinical 
counting protocols and decision thresholds. 
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Abstract 
Purpose
Assessing prognostic and predictive factors like the Ki67-labelling index (Ki67-LI) in breast 
cancer core needle biopsies (CNB) may be hampered by undersampling. Our aim was to 
arrive at a representative assessment of Ki67-LI in CNB of luminal breast cancers by defining 
optimal cut-offs and establishing the minimum CNB volume needed for highest concordance 
of Ki67-LI between CNB and subsequent surgical excision biopsy (SEB).

Methods
We assessed the Ki67-LI in CNB and subsequent SEB of 170 luminal breast cancers according 
to two counting methods recommended by the International Ki67 in Breast Cancer Working 
Group and applied the cut-offs to distinguish low and high proliferation given by the St Gallen 
2013 and 2015 consensus, respectively. We then compared CNB volume characteristics for 
cases with concordant and discordant Ki67-LI between CNB vs SEB.

Results
Highest concordance (75%, κ 0.44) between CNB and SEB was achieved using the method 
that assesses the average tumor Ki67-LI and a cut-off of 20%. No significant differences were 
found between cases with concordant and discordant Ki67-LI in CNB vs SEB for number of 
biopsy cores, total core length, tumor tissue length, or total CNB or tumor tissue area size in 
the CNB for various cut-offs.

Conclusion
A concordance of 75% between CNB and SEB can be achieved for the Ki67-LI using a method 
assessing average Ki67-LI at the threshold of 20%. Increasing CNB volume did not result in 
improved agreement rates, indicating that reliability of Ki67 levels in CNB of luminal breast 
cancers is unaffected by CNB volume.
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Introduction
Sampling error in presurgical breast cancer diagnostics occurs when the core needle biopsy 
(CNB) does not contain the most representative or aggressive part of a tumor due to 
intratumoral heterogeneity [1-3]. Recommendations for the handling of some predictive and 
prognostic factors prone to sampling error in CNB, like hormonal and HER2 receptor status, 
have already been established that prescribe to repeat and re-assess immunohistochemical 
stains in the surgical excision biopsy (SEB) for optimal tumor characterization [4-6]. For Ki67, a 
widely used immunohistochemical biomarker to measure proliferative activity, standards for 
assessment [7], statistical approach [8, 9] and clinical use [10-13] are currently debated. Still, 
the Ki67-labelling index (Ki67-LI) has been considered a measure of tumor proliferation for 
therapeutic decisions in estrogen receptor (ER) positive and HER2 negative (‘luminal’) breast 
cancer: while most patients with triple negative or HER2 positive tumors require cytotoxic 
treatment, patients with luminal disease are less likely to benefit from chemotherapy and 
can be spared an aggressive treatment in early stages if tumor proliferation is low [10, 14, 
15]. 

However, Ki67 levels may vary between CNB and subsequent SEB [2, 16-21], and in case 
of neoadjuvant chemotherapy or heat ablation therapy, the CNB is the only source of 
material to assess Ki67 as a prognostic and predictive tool. Previous studies using varying 
Ki67 assessment methods and cut-off definitions report concordance rates of 53% to 82% 
between CNB and SEB for the Ki67-LI [2, 16-21], but information on factors that could 
potentially reduce or compensate sampling error and improve CNB reliability, like the 
volume of biopsy material [2] or cut-offs adjusted to the CNB setting, are sparse. 

Our aim was therefore to study concordance rates of Ki67-LI between CNB and subsequent 
SEB of luminal breast cancers using two different Ki67 assessment methods recommended 
by the International Ki67 in Breast Cancer Working Group [7] and the two cut-offs to 
distinguish high and low proliferation given by the St Gallen consensus panels 2015 and 
2013 [10, 14]. We investigated whether concordance rates were improved by CNB-specific 
cut-off definitions or higher CNB volume.
 
Methods
This study was approved by the Research Ethics Commission of the University Greifswald, 
Germany (protocol BB 143/15). One hundred-seventy female breast cancer patients were 
selected out of 694 patients who had undergone surgery in the Dietrich Bonhoeffer Medical 
Centre and its associated hospitals 2010 to 2013. Study inclusion criteria were: unifocal, 
unilateral invasive breast cancers either UICC stage I or II; pathological tumor size >5 <50 mm; 
no neoadjuvant treatment; available presurgical ultrasound guided CNB and subsequent 
surgical excision; estrogen receptor (ER) positivity, HER2 negativity, and a progesterone 
receptor (PgR) status ≥20%; and either invasive lobular or cancers of no special type (NST). 
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Other special type cancers were excluded from the analysis due to their characteristic 
clinical behavior and outcome which do not necessarily require Ki67 assessment according 
to the St Gallen consensus recommendations [14, 15].

14 (8.2%) patients had pT1b, 79 (46.5%) pT1c, and 77 (45.3%) had pT2 disease, respectively. 
129 (76%) patients were pN0, 35 (21%) had one to three positive lymph nodes, and 6 (3%) 
had micro metastases only in the sentinel node. 37 (22%) patients had grade 1, 78 (45%) 
grade 2, and 56 (33%) grade 3 disease in the SEB. 140 tumors were breast cancers of no 
special type (82%) and 30 were invasive lobular cancers (18%). 50 cancers were screen 
detected (30%), and 120 cancers were non-screen detected (70%).

All SEB had been sampled within 30 minutes after excision by a specialized breast pathologist 
according to the Berlin-Buch protocol [22] and the European guidelines for quality assurance 
in breast cancer screening and diagnosis [23] for optimal tumor tissue fixation and minimal 
cold ischemia time.

Immunohistochemistry
For immunohistochemical staining of ER, PgR, HER2 and Ki67, 4 µm thin tissue sections were 
dewaxed in xylene, acetone and TRIS-buffered saline, followed by heat induced epitope 
retrieval in pH 6.0 in a microwave oven (750 W). Sections were subsequently stained using 
Ki67 (clone MIB1, DAKO, Glostrup, Denmark, 1:200), ERα (clone 1D5, DAKO, 1:50), PgR (clone 
636, DAKO, 1:50) and HER2 (clone CB-11, Zytomed Systems, Germany, 1:100) monoclonal 
antibodies. The sections were incubated with the primary antibody for one hour using the 
DAKO REAL-detection system based on the labelled streptavidin-biotin method (DAKO), 
autostained (LINK48, DAKO), and visualized with 3-amino-9-ethylcarbazole, giving a brown 
staining in a hematoxylin blue counterstaining. Normal breast tissue within the sections was 
used as internal positive and/or negative control.

ER, PgR and HER2 status were assessed on CNB according to the ASCO 2007 and 2010 
recommendations [4, 5]. All tumors that were HER2 negative and grade 3 or had a PgR 
status <20% in the CNB were re-tested for the respective receptors in the SEB and results 
were adjusted accordingly.

Ki67-LI assessment
All cores of the CNB and the paraffin tissue block of the SEB with the highest mitotic activity 
in hematoxylin and eosin staining were used for Ki67-labelling. Slides were digitized at 
40x with a high resolution slide scanner (SCN400, Leica Biosystems, Wetzlar, Germany) 
at the department of pathology of the Dietrich Bonhoeffer Medical Centre, and images 
were analyzed manually on a PC monitor by one breast pathologist (CMF) trained in Ki67 
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measurement and virtual microscopy. Two different protocols suggested by the International 
Ki67 in Breast Cancer Working Group were then applied for this study [7] (figure 1):
1. Ki67-510per: a total of 510 cancer cells was counted in hot spot (spot of highest 

proliferation) and two spots at the tumor periphery (170 cells each).
2. Ki67-510av: a total of 510 cancer cells was counted in 3 HPF (170 cells each) including hot 

spot, cold spot (spot of lowest proliferation) and an area of intermediate proliferation.

Figure 1: Simplified example of a Ki67-labelled breast cancer showing hot spot (red circle), cold spot (green 
circle), periphery area (orange circle), and area of intermediate proliferation (yellow circle).

Any nuclear staining of an invasive tumor cells was considered positive for both methods. 
The percentage of positive cancer cells was noted as Ki67-LI. Areas of necrosis, inflammation, 
micro-invasion, poor section quality, insufficient fixation and DCIS were excluded from the 
analysis.

Assessment of core biopsy volume characteristics
Number of cores, total core length in mm, tumor tissue length in mm, CNB total area size 
in mm² and tumor area size in the biopsy in mm² were measured by the same observer on 
the digitized Ki67 stained slides using the Slidepath Digital Image Hub software version 4.0.4 
(Leica Biosystems, Wetzlar, Germany). Tumor tissue was defined as invasive epithelial cells 
and accompanying tumor stroma since both components correlate with the mass lesion 
seen on ultrasound.

Statistical Analysis
As Ki67 levels may vary among labs, the St Gallen consensus panel 2015 recommended to 
use the lab’s individual median Ki67-LI of luminal breast cancers as cut-off to discriminate 
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tumors with low and high proliferation. To compare Ki67 levels in CNB and SEB, we used the 
respective assessment method-specific median Ki67-LI of the SEB as cut-off to distinguish 
between luminal A and luminal B (HER2 negative) cancers. Additionally, we applied the 
formerly recommended cut-off of 20% [14] for both methods. To investigate whether 
concordance rates can be improved when the CNB cut-off is adjusted or assessment 
methods are mixed, we also used the CNB specific median Ki67-LI for CNB and the SEB 
specific median for SEB, and combined Ki67-510per in CNB with Ki67-510av in SEB.

We calculated Cohen’s κ and agreement between Ki67-LI of CNB and related SEB for each 
method as well as percentage of cases with over- and underestimated Ki67-LI in CNB.

To investigate intraobserver reproducibility for both Ki67 assessment methods, 30 randomly 
selected cases (15 CNB, 15 SEB) were re-assessed three months after first analysis. The 
ratings were categorized according to the SEB specific median Ki67-LI of the respective 
assessment method into low and high proliferation, and Cohen’s κ and intrarater agreement 
were calculated.

We then tested the null hypothesis that there is no difference between median Ki67-LI 
of CNB and SEB for the Ki67-510p and the Ki67-510a method with a Mann-Whitney test. 
With additional Mann-Whitney tests we investigated whether CNB volume features and 
pathological tumor size differed between concordant and discordant cases. A p <0.05 was 
assumed to indicate significant differences.

All statistical tests were performed with SPSS Statistics version 23 (IBM Corp., Armonk, NY, 
USA).
 
Results
Median Ki67-LI and standard deviation (SD) for the 170 luminal breast cancers were: 11.66% 
± 10.8% for Ki67-510av in CNB, 15.69% ± 14.67% for Ki67-510av in SEB, 20.68% ± 17.2% for 
Ki67-510per in CNB, and 25.19% ± 16.69% for Ki67-510per in SEB, respectively. The Ki67-LI 
was substantially higher in SEB than in CNB for both assessment methods (Ki67-510av: p 
<0.0001; Ki67-510per: p = 0.002).

Agreement rates between CNB and SEB, κ values, and percentage of over- and underestimated 
cases for both Ki67 assessment methods and different cut-off definitions are shown in table 
1. 
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Table 1: Concordance of the Ki67-LI between core needle biopsies (CNB) and surgical excisions (SEB), κ, and rates 
of over- and underestimation in the CNB according to different assessment methods and generally recommended 
(20%) and lab specific cut-offs (11.69%, 15.69%).  
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Agreement kappa Underestimation Overestimation 

Ki67-510av CNB vs SEB 
cut-off CNB 15.69%, SEB 15.69% 72% 0.44 22% 5% 

cut-off CNB 11.66%, SEB 15.69% 72% 0.43 13% 15% 

cut-off CNB 20%, SEB 20% 75% 0.44 22% 2% 

Ki67-510per CNB vs SEB 
cut-off CNB 25.19%, SEB 25.19% 71% 0.41 21% 9% 

cut-off CNB 20.68%, SEB 25.19% 69% 0.39 15% 15% 

cut-off CNB 20%, SEB 20% 69% 0.36 23% 8% 

Ki67-510per CNB vs Ki67-510av SEB 
cut-off CNB 15.69%, SEB 15.69% 67% 0.35 8% 25% 

cut-off CNB 20.68%, SEB 15.69% 67% 0.34 16% 17% 

cut-off CNB 20%, SEB 20% 66% 0.34 23% 11% 

 Table 1: Concordance of the Ki67-LI between core needle biopsies (CNB) and surgical excisions (SEB), κ, and 
rates of over- and underestimation in the CNB according to different assessment methods and generally 
recommended (20%) and lab specific cut-offs (11.69%, 15.69%).   
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20% (75% concordance, κ 0.44). The combination of Ki67-510per in the CNB and Ki67-510av in the SEB showed 

lowest concordance and κ values, regardless of the applied cut-off. 

Also the percentage of Ki67-LI overestimated cases in CNB was lowest using Ki67-510av with a cut-off of 20%. 

Lowest percentage of underestimated cases in CNB was found using Ki67-510av with the median Ki67-LI as 

threshold.  

CNB volume characteristics for concordant and discordant cases for both assessment methods and respective 

cut-offs cases are shown in table 2.  

Highest concordance between CNB and SEB Ki67-LI was found using the Ki67-510av method 
with cut-offs of 20% (75% concordance, κ 0.44). The combination of Ki67-510per in the 
CNB and Ki67-510av in the SEB showed lowest concordance and κ values, regardless of the 
applied cut-off.

Also the percentage of Ki67-LI overestimated cases in CNB was lowest using Ki67-510av with 
a cut-off of 20%. Lowest percentage of underestimated cases in CNB was found using Ki67-
510av with the median Ki67-LI as threshold. 

CNB volume characteristics for concordant and discordant cases for both assessment 
methods and respective cut-offs cases are shown in table 2. 

CNB area size was borderline significantly higher in concordant than in discordant cases 
using the Ki67-510av method with a cut-off of 20% for both CNB and SEB (p =0.048), but 
not for other cut-off definitions or for Ki67-510per. No substantial differences between 
concordant and discordant cases were found for number of cores, total core length, tumor 
tissue length in CNB, tumor area size in CNB, or pathological tumor size.

Intraobserver reproducibility was good for both Ki67 assessment methods with concordance 
between first and second rating in 90% of cases (κ 0.80) for Ki67-510av, and 93% (κ 0.87) for 
Ki67-510per.
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Table 2: Core needle biopsy (CNB) characteristics of overall, and concordant and discordant Ki67-LI cases between 
CNB and surgical excisions, and p values for differences in median amount of biopsy material and pathological 
tumor size between concordant and discordant cases using Mann-Whitney tests
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Ki67-510av Ki67-510per 

 
cut-off 15.69% cut-off 20% cut-off 25.19% cut-off 20% 

 
n = median±SD p 

value n = median±SD p 
value n = median±SD p 

value n = median±SD p 
value 

Number of Cores 

 

overall 170 4±1.3 n. a.  170 4±1.3 n. a.  170 4±1.3 n. a.  170 4±1.3 n. a.  

concordant 123 4±1.3 
0.293 

128 4±1.3 
0.157 

120 4±1.31 
0.239 

117 4±1.35 
0.313 

discordant 47 4±1.3 42 5±1.32 50 4.5±1.27 53 4±1.19 

Total Core Length (mm) 

overall 170 40±15.66 n. a.  170 40±15.66 n. a.  170 40±15.66 n. a.  170 40±15.66 n. a.  

concordant 123 41±16.19 
0.585 

128 41±15.29 
0.239 

120 41.5±15.98 
0.845 

117 41±16.15 
0.703 

discordant 47 38±14.3 42 36.5±16.67 50 39.5±15.03 53 40±14.74 

CNB Area Size (mm²) 

overall 170 39.81±18.58 n. a.  170 39.81±18.58 n. a.  170 39.81±18.58 n. a.  170 39.81±18.58 n. a.  

concordant 123 40.01±19.51 
0.439 

128 41.65±18.69 
0.048 

120 39.82±19.59 
0.488 

117 39.82±19.13 
0.827 

discordant 47 39.09±15.9 42 36.22±17.87 50 39.54±15.91 53 39.54±17.56 

Tumour Tissue Length (mm) 

overall 170 21±11.12 n. a.  170 21±11.12 n. a.  170 21±11.12 n. a.  170 21±11.12 n. a.  

concordant 123 21±11.58 
0.594 

128 21.5±11.19 
0.729 

120 21.5±11.68 
0.792 

117 20.5±11.86 
0.804 

discordant  47 21±9.91 42 19.5±11.01 50 19.5±9.71 53 21±9.52 

Tumour Tissue Area Size (mm²) 

overall 170 20.73±12.84 n. a.  170 20.73±12.84 n. a.  170 20.73±12.84 n. a.  170 20.73±12.84 n. a.  

concordant 123 20.61±13.15 
0.482 

128 21.11±12.99 
0.410 

120 21.11±13.33 
0.732 

117 20.3±13.25 
0.872 

discordant 47 22.19±12.03 42 20.14±12.5 50 20.35±11.7 53 22.39±12.06 

Pathological Tumour Size (mm) 

overall 170 19±9.86 n. a.  170 19±9.86 n. a.  170 19±9.86 n. a.  170 19±9.86 n. a.  

concordant 123 18±10.13 
0.627 

128 18±9.83 
0.068 

120 19.5±9.63 
0.444 

117 20±10.09 
0.052 

discordant 47 20±9.19 42 21.5±9.81 50 18.5±10.46 53 16.5±9.12 

Table 2: Core needle biopsy (CNB) characteristics of overall, and concordant and discordant Ki67-LI cases 
between CNB and surgical excisions, and p values for differences in median amount of biopsy material and 
pathological tumor size between concordant and discordant cases using Mann-Whitney tests Discussion

The reliability of prognostic information in core needle biopsies has been subject of several 
studies on breast cancer, showing high diagnostic accuracy for detection of malignancy 
as well as for morphological tumor characteristics and immunohistochemical biomarkers. 
However, important prognostic factors like histological grade and mitotic count are known 
to be underestimated in the CNB in 20% to 30% of cases due to undersampling of the most 
proliferative tumor areas [3]. Some authors have suggested to overcome this issue by using 
the Ki67-LI [24] while others found Ki67-LI underestimation rates in CNB similar to those of 
grade, indicating that assessment on SEB should be preferred [17, 19]. In neoadjuvant or 
experimental settings (e.g. heat ablation therapy), however, the CNB may be the only source 
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of tumor material available, and reliability of prognostic information derived from the CNB 
is then of the essence.

As described by other authors [17, 19], Ki67 levels were substantially lower in CNB than in 
SEB in our study. Applying the current recommendation of the International Ki67 in Breast 
Cancer Working Group [7], highest concordance (75%) between CNB and SEB of luminal 
breast cancers was found for Ki67-510av when 20% or the median Ki67-LI of the SEB was 
used as a cut-off, comparable to previously published rates [2, 16-21]. 

While underestimation of proliferation in core biopsies is also described to be a common 
sampling error for mitotic activity and histological grade [25-27], the interpretation of 
‘overestimated’ Ki67-LI in CNB is more complex. To date, there is no consensus whether 
a higher Ki67-LI in the CNB should replace a lower final Ki67 rate of the SEB or should 
rather be considered a sampling error corrected by the true Ki67-LI of the SEB. Published 
rates of higher Ki67-LI in CNB vary substantially from 6% to 20% [18, 19], suggesting that 
overestimation rates could be affected by Ki67 assessment method selection and cut-off 
definition. Though the highest Ki67 level of a tumor may indeed be found in the CNB by 
chance, this seems unlikely because overestimation of other proliferation-related prognostic 
factors like histological grade is infrequent in CNB, occurring in <10% [26, 27, 27]. In our 
study, the Ki67 assessment method that resulted in lowest overestimation rates (Ki67-510av 
with median SEB or 20% cut-off) showed at the same time highest overall concordance. 

Although both over- and underestimation of Ki67-LI in the CNB can be assumed a sampling 
error, we did not find clear evidence for an association between improved CNB and SEB 
agreement and the volume of biopsy material available for Ki67 assessment. In our hands, 
there are four possible reasons why sampling error was not reduced with increasing sample 
size. First, the tumor periphery is generally underrepresented in CNB. In the periphery, 
where Ki67 levels are significantly higher than in the tumor center, hot spots are found 
almost always 1 to 2 mm peripheral from the border between invasive cancer cells and the 
surrounding benign tissue [28]. Assuming a more or less spherical tumor configuration and 
respective different relative volume fractions of the outer shell and the center, the CNB 
procedure which takes a cylindrical tissue sample along an axis perpendicular to the tumor 
border will contain exponentially more tissue of the inner part than of the tumor periphery. 
Therefore, even higher numbers and / or lengths of samples will probably not fundamentally 
change this bias. Second the amount of material of even bigger CNB could still be too low to 
make a significant impact. The median number of four cores per biopsy set in our series is 
comparable to two previous studies showing moderate to high concordance of 73% to 82% 
between CNB and SEB [2, 16]. Lower concordance (65%; κ 0.29) was found in one study with 
a median number of two cores taken per patient [17], while other authors did not report CNB 
characteristics [18-20]. However, our finding that Ki67-LI concordance between CNB and 

Table 2: Core needle biopsy (CNB) characteristics of overall, and concordant and discordant Ki67-LI cases between 
CNB and surgical excisions, and p values for differences in median amount of biopsy material and pathological 
tumor size between concordant and discordant cases using Mann-Whitney tests
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Table 2: Core needle biopsy (CNB) characteristics of overall, and concordant and discordant Ki67-LI cases 
between CNB and surgical excisions, and p values for differences in median amount of biopsy material and 
pathological tumor size between concordant and discordant cases using Mann-Whitney tests 
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SEB seems not to be influenced by CNB volume is supported by Greer et al. who described 
only slightly improved agreement rates for cases with one to five compared to more than 
six cores [2]. Third, we decided to include the stromal component in the definition of tumor 
tissue because both epithelial and stromal components correlate with the mass seen and 
targeted on ultrasound, but Ki67-LI was assessed only in the epithelial component. Fourth, 
the finding that concordance rates did not improve neither with increased CNB volume 
nor different cut-off definitions could also indicate the limitations of the specific Ki67-LI 
assessment methods to adequately represent intratumoral heterogeneity. 

Efforts to optimize presurgical diagnostics by adjusting prognostic cut-offs specifically to 
the biopsy setting have been made for histological grade but showed only slight [29] or no 
improvement [30] of overall agreement between CNB and SEB. As Ki67-LI were significantly 
lower in CNB than in the surgical excisions in our study, we lowered the CNB cut-off to the 
specific CNB median Ki67-LI and combined hot spot Ki67 assessment (Ki67-510per) in CNB 
with the average Ki67 assessment method in SEB to reduce the rates of underestimated 
proliferation in the biopsy. Our approach did result in a decrease of underestimated 
cases in CNB, actually, but did not improve overall concordance and increased the rate of 
overestimated cases in CNB instead. It should be noted, though, that unlike mitotic scores of 
histological grade [31, 32], the Ki67-LI cut-offs used in our study are not based on prospective 
prognostic studies but rather on current expert consensus recommendations [10, 14] and 
that the Ki67 levels described herein are specific for our lab in a subset of luminal tumors.
In conclusion, concordance rates between CNB and SEB of luminal breast cancers of 75% 
can be achieved using a straightforward method assessing average CNB Ki67-LI at the 
usual threshold of 20%. Neither CNB-specific cut-offs nor increased CNB volume resulted 
in improved CNB vs SEB agreement rates, indicating that reliability of Ki67 levels in CNB of 
luminal breast cancers is unaffected by CNB volume.
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Abstract
Background
Postanalytic issues of Ki67 assessment in breast cancers like counting method standardization 
and interrater bias have been subject of various studies, but little is known about analytic 
variability of Ki67 staining between pathology labs. Our aim was to study interlaboratory 
variability of Ki67 staining in breast cancer using tissue microarrays (TMAs) and central 
assessment to minimize pre- and postanalytic influences.

Methods
30 European pathology labs stained serial slides of a TMA set of breast cancer tissues with 
Ki67 according to their routine in-house protocol. The Ki67-labelling index (Ki67-LI) of 70 
matched samples was centrally assessed by one observer who counted all cancer cells per 
sample. We then tested for differences between the labs in Ki67-LI medians by analyzing 
variance on ranks and in proportions of tumors classified as luminal A after dichotomizing 
estrogen receptor positive cancers into cancers showing low (<14%, luminal A) and high 
(≥14%, luminal B HER2 negative) Ki67-LI using Cochran’s Q.

Findings
Substantial differences between the 30 labs were indicated for median Ki67-LI (0·65% to 
33·0%, p <0·0001) and proportion of cancers classified as luminal A (17% to 57%, p <0·0001). 
The differences remained significant when labs using the same antibody (MIB-1, SP6, or 30-
9) were analyzed separately or labs without prior participation in external quality assurance 
programs were excluded (p <0·0001, respectively). 

Interpretation
Substantial variability in Ki67 staining of breast cancer tissue was found between 30 routine 
pathology labs. Clinical use of the Ki67-LI for therapeutic decisions should be considered 
only fully aware of lab-specific reference values.
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Introduction
Estimation of tumor proliferation using the biomarker Ki67 has recently been recommended 
for prognostication and guidance of adjuvant treatment options in luminal breast cancers 
[1-3]. Ki67, a protein that is expressed in all phases of the cell cycle except for G₀ [4], can be 
targeted with immunohistochemical antibodies, and the percentage of Ki67 labelled cells 
is reported as the Ki67-labelling index (Ki67-LI) by pathology labs worldwide. To provide 
individualized patient care in the concept of precision medicine, reliability of prognostic 
and predictive information deriving from Ki67 labelling is essential. [5] Various studies have 
focused on standardization of assessment methodology, [6], interobserver reproducibility [7, 
8] and digital image analysis [9-11] of the Ki67-LI. However, little is known about variability 
in immunohistochemical (IHC) Ki67-labelling results between routine pathology labs [12, 
13] and its potential influence on interpretation of Ki67 levels in breast cancer.
During panel meetings to assure the quality of pathologic diagnostics in the German 
mammography screening program, the question about degree and clinical relevance of 
interlaboratory variability in Ki67 staining results came up. To answer this, the German 
Breast Screening Pathology Initiative decided to initiate a study to investigate interlaboratory 
variability of Ki67 staining independent of pre- and postanalytic influences. 

Methods
This study is part of a research project that had been approved by the Research Ethics 
Committee of the University of Münster, Germany (protocol 2007-050-f-S). To investigate 
variability in Ki67 staining between pathology labs, bias from pre- and postanalytic 
issues should be reduced to a minimum. Although not used for routine purposes, tissue 
microarrays (TMAs) had two advantages in our study: first, they allow cost-effective IHC 
analysis of multiple breast cancer samples in one staining procedure, and provide the same 
preanalytic conditions for each participating lab. Second, as available tissue for postanalytic 
assessment is limited to one spot of <1 mm² per sample, inter- or intraobserver variability 
from region of interest selection can be excluded. For our study, we used a TMA set of three 
formalin fixed paraffin embedded tissue blocks containing samples of 865 breast cancers 
(one core of 0.6 mm diameter per tumor) that had been diagnosed between 1997 and 2003 
in the Institute of Pathology, Paderborn, Germany. 4 µm thin serial slides of each TMA block 
were prepared in one lab (Paderborn), and sent unstained to the participating labs. The 
labs stained the three TMA slides for Ki67 according to their routine IHC in-house protocol 
within two weeks after central slide preparation and filled out a questionnaire concerning 
antibody, details of the staining procedure, and participation in external quality assurance 
(QA) programs for Ki67 staining. Questionnaire and Ki67 stained slides were then sent to 
the Department of Pathology of the Dietrich Bonhoeffer Medical Center Neubrandenburg, 
Germany, for central Ki67 assessment. 
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A total of 33 labs participated in this study. One lab did not send back the complete TMA 
set, one lab had more than 30% missing samples on the slides after immunohistochemistry, 
and the slides of one lab did not show any Ki67 labelling after IHC-staining. The TMA sets 
of 30 labs (24 German, three Austrian, one Dutch, one Hungarian, and one Suisse) were 
thereby left for further analysis. Sixteen (53%) labs used the clone MIB-1 (DAKO, Glostrup, 
Denmark), seven (23·3%) the clone SP6 (one Biocare, Concord, CA, USA; one Cell Marque, 
Rocklin, CA, USA; one DCS, Hamburg, Germany; two Lab Vision/Neomarkers, Fremont, 
CA, USA; two Thermo Fisher, Waltham, MA, USA), four (13·3%) the clone 30-9 (Ventana 
Medical Systems, Inc., Tucson, AZ, USA), two (7%)  the clone K-2 (Zytomed Systems, 
Berlin, Germany) and one (3·3%) the clone BGX-297 (BioGenex, San Ramon, CA, USA) Ki67 
antibodies, respectively. Twenty-one (70%) labs used 3,3’ Diaminobenzidine (DAB), seven 
(23%) 3-Amino-9-ethylcarbazole (AEC) , and two (7%) Fast Red chromogen detection kits for 
antigen visualization. Twenty (67%) labs had participated in external QA programs for Ki67 
prior to our study.

Case selection and sample characteristics
As the previously described cut-off of 14% to distinguish luminal tumors into luminal A and 
B HER2 negative cancers in TMAs [14] would allow only minimal deviations in Ki67 levels 
between labs, we decided for a small effect size (0.13) for our sample size calculation. To 
gain adequate statistical power (0.95, α 0.05), a total of 2100 samples was needed for the 
30 labs. Then, two studies reported that Ki67 levels may also be affected by the number of 
analyzed cells: assessing the same tumor area, Ki67-LI were higher when 200 compared to 
1000 cells were counted (“dilution effect”). However, Ki67 levels remained stable when a 
minimum of 400 cells were assessed [15-17]. To minimize bias from varying cell content per 
sample in our study, we selected 70 matched cases for the 30 labs, each sample containing 
>400 invasive cancer cells. Median number of cells per sample and standard deviation (SD) 
was 879±374·33 (minimum 412, maximum 2656 cells). Assessment and staining protocols 
of estrogen receptor (ER), progesterone receptor (PgR) and the human epidermal growth 
factor receptor 2 (HER2) are reported elsewhere [18]. Forty-one (59%) tumors were ER 
positive and HER2 negative (luminal), 7 (10%) were ER positive and HER2 positive (luminal 
B HER2 positive), one (1%) was ER and PR negative and HER2 positive (HER2 positive non-
luminal), and 12 (17%) were triple negative. For nine (13%) cases with an HER2 IHC score 
2+, gene amplification results were not available (eight ER positive, one ER negative). Fifteen 
(21·3%) tumors were grade 1, 24 (34·3%) grade 2, and 31 (44·3%) grade 3, respectively.

Ki67-Labelling Index assessment
All TMA slides were digitized at 40x with a high resolution slide scanner (SCN400, Leica 
Biosystems, Wetzlar, Germany) at the Department of Pathology of the Dietrich Bonhoeffer 
Medical Center, Neubrandenburg, Germany. As the chromogens for antigen visualization 
differed between the labs, the Ki67 staining results varied not only in intensity but also 
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in color (golden-brown with DAB, red-brown with AEC and pink-red with Fast Red) and in 
contrast to the background staining (figure 1). 

Figure 1: Lab-specific Ki67 staining for sample no. 599 with different chromogens and staining intensities. A – Fast 
Red pink-red stain, clone MIB-1 (Lab 04); B – DAB golden-brown stain, clone MIB-1 (Lab 05); C – AEC red-brown 
stain, clone SP6 (Lab 18); D – staining with high intensity and high contrast (DAB, clone SP6, Lab 20); E – staining 
with low intensity and low contrast (DAB, clone MIB-1, Lab 06); F – dark background staining (AEC, clone MIB-1, 
Lab 02)

Although automated digital image analysis is a powerful and reproducible tool in quantitative 
assessment [9, 11], thresholds for intensity and color of the lab-specific staining have to be 
defined by the user for optimal measurements [19]. The adjusted algorithm may, however, 
not be appropriate for the individual staining of other labs. As a consequence, specific 
adjustments for each participating pathology department in our study would have been 
required, which instead of increasing objectivity of the assessments, would rather have 
hampered comparability of the automated results. Therefore, we decided for a single human 
observer (C.M.F.), a breast pathologist who had successfully passed the web-based TMA 
calibration exercise of the International Ki67 in Breast Cancer Working Group [7], and who 
assessed all samples using a standardized protocol: snapshots of the digital image of each 
sample taken at 20x were analyzed with the CellCounter plugin of the free software ImageJ 
[20] by manually marking first all positively stained nuclei and then all negative invasive 
cells of the sample. The digitized slide in 40x on a separate monitor was used as a reference 
during the counting procedure. The staining intensity was assumed irrelevant, and areas 
of DCIS or necrosis were excluded from the analysis. The percentage of positively stained 
nuclei (Ki67-LI) was calculated for each case. 
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To test intra-observer reproducibility, 42 randomly selected samples were re-assessed 
two months after primary Ki67 counting, and agreement and κ were calculated after 
categorization into cases showing low (<14%) and high (≥14%) Ki67-LI. Additionally, absolute 
differences in Ki67-LI and percentage of cases showing <5% differences in Ki67-LI between 
first and second count were analyzed, and Pearson’s r was calculated to determine the 
relationship between first and second observation.

Statistical analysis
To test the null hypothesis that there is no difference in median Ki67-LI between the labs 
we used the Kruskal-Wallis test with post hoc Dunn’s multiple comparisons. Additional tests 
were then conducted for labs with external QA, for labs using the MIB-1, SP6, and 30-9 
antibodies, respectively.

We then tested whether Ki67-LI means differed between labs using the clone MIB-1, SP6, 
or 30-9 or between labs with and without external QA with a two-level nested analysis of 
variance (ANOVA) by nesting the respective labs in either antibody clone or in QA vs no QA. 
To investigate whether the differences in Ki67-LI between the labs would result in divergent 
clinicopathological classification and thus could have influenced therapeutic decisions, the 
41 ER positive and HER2 negative cancers were dichotomized into luminal A (Ki67-LI <14%) 
and luminal B HER2 negative (Ki67-LI ≥14%) [14]. We then tested the null hypothesis that 
the proportion of luminal A cancers is equal among the labs with a Cochran’s Q test and 
post hoc multiple comparisons with p values adjusted to the Benjamini-Hochberg false 
discovery rate [21]. Again, the analysis was conducted for all 30 labs, and then separately for 
labs with external QA, for labs using MIB-1, labs using SP6, and labs using 30-9 antibodies, 
respectively.

The statistical tests were performed with SPSS Statistics version 23.0 (IBM Corp., Armonk, 
NY, USA), SAS software version 9.3 (SAS Institute Inc., Cary, NC, USA) and R (https://www.r-
project.org/). p values <0·05 were assumed to indicate significant differences.
 
Results
Median Ki67-LI and SD of the participating labs varied between 0·65±2·42 (Lab 29) and 
33·0±20·34 (Lab 03) (table 1, figures 2). 
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Table 1: Median, mean, standard deviation (STD) and range of Ki67-labelling indices in percent of the participating 
30 labs in 70 matched breast cancer samples
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(table 1, figures 2).  

 
Median  Mean STD Range 

Lab 01 2·15  6·72 13·27 0 - 91·35 

Lab 02 7·01  8·51 8·21 0·18 - 46·83 

Lab 03 33·00  34·12 20·35 0·31 - 78·02 

Lab 04 9·14  15·70 16·53 0·44 - 73·03 

Lab 05 24·32  27·46 20·74 0·59 - 82·22 

Lab 06 12·98  16·36 13·16 0 - 63·07 

Lab 07 1·64  6·34 13·46 0 - 98·96 

Lab 08 2·87  5·68 7·05 0 - 31·90 

Lab 09 8·95  12·59 12·77 0 - 54·42 

Lab 10 11·63  14·56 13·00 0·42 - 60·22 

Lab 11 12·82  15·91 13·69 1·08 - 63·14 

Lab 12 22·44  27·07 20·38 1·32 - 88·17 

Lab 13 2·16  5·23 7·23 0 - 31·92 

Lab 14 '9·93  15·43 14·25 0·18 - 60·78 

Lab 15 1·32  3·81 6·79 0 - 36·70 

Lab 16 3·54  6·90 9·22 0 - 53·41 

Lab 17 8·69  13·04 16·49 0 - 91·52 

Lab 18 15·23  19·10 17·02 0·45 - 66·63 

Lab 19 3·99  6·69 8·78 0·17 - 43·33 

Lab 20 17·13  24·17 20·86 0·43 - 90·27 

Lab 21 11·40  14·71 13·75 0·16 - 54·65 

Lab 22 11.51  16·07 14·59 0·75 - 68·95 

Lab 23 7·37  11·99 12·54 0 - 58·71 

Lab 24 21·35  25·82 19·78 0·71 - 85·11 

Lab 25 3.17  7·96 14·42 0 - 99·67 

Lab 26 10·69  17·11 15·98 0·41 - 70·86 

Lab 27 14·70  19·39 16·91 1·25 - 72·92 

Lab 28 2·28  6·77 9·31 0 - 42·88 

Lab 29 0·65  1·57 2·42 0 - 15·96 

Lab 30 6·32  10·45 10·87 0 - 49·90 
 Table 1: Median, mean, standard deviation (STD) and range of Ki67-labelling indices in percent of the 

participating 30 labs in 70 matched breast cancer samples 
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Figure 2: Two representative samples showing different percentages of positively stained cells between the labs. 
A to C - sample 342 (A Lab16 – BGX-297, B Lab 17 – SP6, C Lab 12 – MIB-1); D to F- sample 454 (A Lab 10 – MIB-1, 
B Lab 21 – MIB-1, C Lab 12 – MIB-1).

The Kruskal-Wallis test indicated substantial differences in median Ki67-LI between the 
labs (p <0·0001). The differences between the labs remained significant when labs without 
external QA were excluded (p <0·0001), or the analysis was restricted to labs using the same 
antibody (each p <0·0001 for labs using MIB-1, SP6, and 30-9 antibodies, respectively).
The absolute Ki67-LI difference between the labs with respective highest and lowest Ki67 
levels per sample was: ≤5% in 0 (0%), 6-10% in 4 (6%), 11-15% in 6 (8%), 16-20% in 4 (6%), 
21-25% in 7 (10%), >25% in 49 (70%) of the 70 samples. 

The percentages of luminal A vs. luminal B HER2 negative tumors for the 30 labs are shown 
in table 2. 

Table 2: Distribution of clinicopathological subtypes in percent for the 30 labs after dichotomizing luminal 
cancers into luminal A (Ki67-LI <14%) and luminal B HER2 negative (Ki67-LI ≥14%).
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Lab26 46 13 10 1 17 13 

Lab27 40 19 10 1 17 13 

Lab28 53 6 10 1 17 13 

Lab29 57 2 10 1 17 13 

Lab30 48 11 10 1 17 13 
Table 2: Distribution of clinicopathological subtypes in percent for the 30 labs after dichotomizing luminal 

cancers into luminal A (Ki67-LI <14%) and luminal B HER2 negative (Ki67-LI ≥14%). 
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differences in proportion of luminal A cancers were still significant (p <0·0001, respectively). 

Two-level nested ANOVA indicated no significant differences in Ki67-LI means between labs using the clones 

MIB-1, SP6 or 30-9 (mean Ki67-LI 12·57%, 16·18%, and 17·23%, respectively, p = 0·466; figure 3) or between 

labs with and without external QA (mean Ki67-LI 14·43% vs 12·88%, p = 0·626; figure 4).  

 

Figure 3: Boxplots showing Ki67-labelling index median, quartiles, range, outliers (o), and extremes (*) for the 

30 participating labs stratified by use of Ki67 antibody clone 

 

Figure 4: Boxplots showing Ki67-labelling index median, quartiles, range, outliers (o), and extremes (*) for the 

20 labs with participation and 10 labs without participation in external quality assurance (QA) programs prior to 

the present study 

 

The differences in Ki67-LI among the TMA samples contributed the highest percentage (76% for both tests) to 

the total variance. Twenty-four percent of the total variance was attributed to the differences between the 

labs, whereas the antibody clone and participation vs. no participation in external QA programs contributed 

0%. 
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MIB-1, B Lab 21 – MIB-1, C Lab 12 – MIB-1). 

 

The Kruskal-Wallis test indicated substantial differences in median Ki67-LI between the labs (p <0·0001). The 

differences between the labs remained significant when labs without external QA were excluded (p <0·0001), 

or the analysis was restricted to labs using the same antibody (each p <0·0001 for labs using MIB-1, SP6, and 

30-9 antibodies, respectively). 

The absolute Ki67-LI difference between the labs with respective highest and lowest Ki67 levels per sample 

was: ≤5% in 0 (0%), 6-10% in 4 (6%), 11-15% in 6 (8%), 16-20% in 4 (6%), 21-25% in 7 (10%), >25% in 49 (70%) of 

the 70 samples.  

The percentages of luminal A vs. luminal B HER2 negative tumors for the 30 labs are shown in table 2.  

  
Luminal A Ki67-
LI <14% 

Luminal B HER2-
Ki67-LI ≥14% Luminal B HER2+ HER2+ non-luminal Triple-Negative 

HER2 status 
unknown 

Lab01 53 6 10 1 17 13 

Lab02 50 9 10 1 17 13 

Lab03 17 42 10 1 17 13 

Lab04 43 16 10 1 17 13 

Lab05 31 28 10 1 17 13 

Lab06 41 18 10 1 17 13 

Lab07 56 3 10 1 17 13 

Lab08 53 6 10 1 17 13 

Lab09 44 15 10 1 17 13 

Lab10 43 16 10 1 17 13 

Lab11 37 22 10 1 17 13 

Lab12 30 29 10 1 17 13 

Lab13 54 5 10 1 17 13 

Lab14 48 11 10 1 17 13 

Lab15 57 2 10 1 17 13 

Lab16 53 6 10 1 17 13 

Lab17 48 11 10 1 17 13 

Lab18 38 21 10 1 17 13 

Lab19 53 6 10 1 17 13 

Lab20 36 23 10 1 17 13 

Lab21 48 11 10 1 17 13 

Lab22 41 18 10 1 17 13 

Lab23 46 13 10 1 17 13 

Lab24 29 30 10 1 17 13 

Lab25 50 9 10 1 17 13 

The proportion of cancers classified as luminal A differed substantially between the labs 
(17% to 57%, p<0·0001). In separate analyses of labs with external QA, labs using MIB-1, 
labs using SP6, or labs using 30-9, differences in proportion of luminal A cancers were still 
significant (p <0·0001, respectively).

Two-level nested ANOVA indicated no significant differences in Ki67-LI means between labs 
using the clones MIB-1, SP6 or 30-9 (mean Ki67-LI 12·57%, 16·18%, and 17·23%, respectively, 
p = 0·466; figure 3) or between labs with and without external QA (mean Ki67-LI 14·43% vs 
12·88%, p = 0·626; figure 4). 
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cancers into luminal A (Ki67-LI <14%) and luminal B HER2 negative (Ki67-LI ≥14%).

 

82 
 

Lab26 46 13 10 1 17 13 

Lab27 40 19 10 1 17 13 

Lab28 53 6 10 1 17 13 

Lab29 57 2 10 1 17 13 

Lab30 48 11 10 1 17 13 
Table 2: Distribution of clinicopathological subtypes in percent for the 30 labs after dichotomizing luminal 

cancers into luminal A (Ki67-LI <14%) and luminal B HER2 negative (Ki67-LI ≥14%). 

 

The proportion of cancers classified as luminal A differed substantially between the labs (17% to 57%, 

p<0·0001). In separate analyses of labs with external QA, labs using MIB-1, labs using SP6, or labs using 30-9, 

differences in proportion of luminal A cancers were still significant (p <0·0001, respectively). 

Two-level nested ANOVA indicated no significant differences in Ki67-LI means between labs using the clones 

MIB-1, SP6 or 30-9 (mean Ki67-LI 12·57%, 16·18%, and 17·23%, respectively, p = 0·466; figure 3) or between 

labs with and without external QA (mean Ki67-LI 14·43% vs 12·88%, p = 0·626; figure 4).  

 

Figure 3: Boxplots showing Ki67-labelling index median, quartiles, range, outliers (o), and extremes (*) for the 

30 participating labs stratified by use of Ki67 antibody clone 

 

Figure 4: Boxplots showing Ki67-labelling index median, quartiles, range, outliers (o), and extremes (*) for the 

20 labs with participation and 10 labs without participation in external quality assurance (QA) programs prior to 

the present study 

 

The differences in Ki67-LI among the TMA samples contributed the highest percentage (76% for both tests) to 

the total variance. Twenty-four percent of the total variance was attributed to the differences between the 

labs, whereas the antibody clone and participation vs. no participation in external QA programs contributed 

0%. 

 

81 
 

Figure 2: Two representative samples showing different percentages of positively stained cells between the 
labs. A to C - sample 342 (A Lab16 – BGX-297, B Lab 17 – SP6, C Lab 12 – MIB-1); D to F- sample 454 (A Lab 10 – 
MIB-1, B Lab 21 – MIB-1, C Lab 12 – MIB-1). 

 

The Kruskal-Wallis test indicated substantial differences in median Ki67-LI between the labs (p <0·0001). The 

differences between the labs remained significant when labs without external QA were excluded (p <0·0001), 

or the analysis was restricted to labs using the same antibody (each p <0·0001 for labs using MIB-1, SP6, and 

30-9 antibodies, respectively). 

The absolute Ki67-LI difference between the labs with respective highest and lowest Ki67 levels per sample 

was: ≤5% in 0 (0%), 6-10% in 4 (6%), 11-15% in 6 (8%), 16-20% in 4 (6%), 21-25% in 7 (10%), >25% in 49 (70%) of 

the 70 samples.  

The percentages of luminal A vs. luminal B HER2 negative tumors for the 30 labs are shown in table 2.  

  
Luminal A Ki67-
LI <14% 

Luminal B HER2-
Ki67-LI ≥14% Luminal B HER2+ HER2+ non-luminal Triple-Negative 

HER2 status 
unknown 

Lab01 53 6 10 1 17 13 

Lab02 50 9 10 1 17 13 

Lab03 17 42 10 1 17 13 

Lab04 43 16 10 1 17 13 

Lab05 31 28 10 1 17 13 

Lab06 41 18 10 1 17 13 

Lab07 56 3 10 1 17 13 

Lab08 53 6 10 1 17 13 

Lab09 44 15 10 1 17 13 

Lab10 43 16 10 1 17 13 

Lab11 37 22 10 1 17 13 

Lab12 30 29 10 1 17 13 

Lab13 54 5 10 1 17 13 

Lab14 48 11 10 1 17 13 

Lab15 57 2 10 1 17 13 

Lab16 53 6 10 1 17 13 

Lab17 48 11 10 1 17 13 

Lab18 38 21 10 1 17 13 

Lab19 53 6 10 1 17 13 

Lab20 36 23 10 1 17 13 

Lab21 48 11 10 1 17 13 

Lab22 41 18 10 1 17 13 

Lab23 46 13 10 1 17 13 

Lab24 29 30 10 1 17 13 

Lab25 50 9 10 1 17 13 

The proportion of cancers classified as luminal A differed substantially between the labs 
(17% to 57%, p<0·0001). In separate analyses of labs with external QA, labs using MIB-1, 
labs using SP6, or labs using 30-9, differences in proportion of luminal A cancers were still 
significant (p <0·0001, respectively).

Two-level nested ANOVA indicated no significant differences in Ki67-LI means between labs 
using the clones MIB-1, SP6 or 30-9 (mean Ki67-LI 12·57%, 16·18%, and 17·23%, respectively, 
p = 0·466; figure 3) or between labs with and without external QA (mean Ki67-LI 14·43% vs 
12·88%, p = 0·626; figure 4). 
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Figure 3: Boxplots showing Ki67-labelling index median, quartiles, range, outliers (o), and extremes (*) for the 30 
participating labs stratified by use of Ki67 antibody clone

Figure 4: Boxplots showing Ki67-labelling index median, quartiles, range, outliers (o), and extremes (*) for the 
20 labs with participation and 10 labs without participation in external quality assurance (QA) programs prior 
to the present study



INTERLABORATORY VARIABILITY OF KI67 STAINING IN BREAST CANCER 81

5

The differences in Ki67-LI among the TMA samples contributed the highest percentage (76% 
for both tests) to the total variance. Twenty-four percent of the total variance was attributed 
to the differences between the labs, whereas the antibody clone and participation vs. no 
participation in external QA programs contributed 0%.

The observer showed good intra-rater agreement (95%, κ 0·88) with a strong positive 
correlation between first and second observation (r = 0·990, p <0·0001). In 41 of the 42 re-
assessed cases (98%) the Ki67-LI differed by <5% between first and second count. 
 
Discussion
Tumor proliferation is a major determinant of prognosis in breast cancer [22-25], and its 
reliable and reproducible assessment is of utmost importance [5]. Despite a lack of counting 
methodology standards [6], Ki67 has been suggested as a prognosticator in ER positive 
disease [1-3, 14, 26], a predictor of response to neoadjuvant treatment [27-29], and to 
objectify mitotic count in the Nottingham Grading System [30, 31]. However, it has been 
recognized more recently that Ki67 levels may differ between pathology departments due 
to lab-specific assessment protocols and variability between observers [1, 3]. After excluding 
interrater bias and using a standardized assessment method in our study, we found substantial 
interlaboratory staining variability for Ki67 with lab-specific median Ki67-LI ranging from 
0·65% to 33%. In 70% of the 70 matched cases, the Ki67-LI of the lab with respective highest 
and lowest Ki67 levels per sample differed by more than 25%. Applying a published Ki67-
LI cut-off for prognostication in TMAs [14], the proportion of cancers classified as luminal 
A in our series varied from 17% to 57% between the labs, indicating that patients in the 
ER positive HER2 negative group would have received considerably different therapeutic 
recommendations. Moreover, the differences between the labs remained significant when 
labs that used the same antibody (MIB-1, SP6 or 30-9) were analyzed separately. Though 
rather conservative due to inequality of the compared groups, the results of the nested 
ANOVA do support the hypothesis that the variability between the labs cannot be explained 
by diverging performance of the different Ki67 antibody clones.

To our knowledge, there are only two studies that focused on inter-laboratory reproducibility 
of Ki67 staining. One study reported high variability of Ki67 levels between 172 participating 
labs after staining a TMA set that contained 30 tissue samples, including six breast cancers. 
50% of the labs showed Ki67-LI that differed by more than 20% from values expected by the 
central lab [12], which is consistent with our own results. Conversely, good reproducibility of 
Ki67 staining between labs has been reported by Ekholm et al. when labs contributed tissue 
blocks from their own archive to compare IHC performance and assessment of Ki67 to a 
central lab. However, lab-specific cut-offs in the Swedish survey that based on the median 
Ki67-LI of luminal tumors in surgical excisions ranged considerably between 19% and 39%, 
and the authors described lower agreement rates between central and local lab, when lab 
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specific thresholds instead of a standard cut-off where used (lab-specific cut-points: 80% 
agreement, κ = 0.57; cut-off 20%: 86% agreement, κ = 0.72) [13]. For the present study, 
detailed information on preanalytic factors like delayed or short fixation [32] that may have 
differed from routine tissue handling of the participating labs, are not available. Although 
all participating labs performed their staining under the same preanalytic conditions which 
intended a higher probability of comparable results, it should be noted that pathology labs in 
general optimize their immunohistochemical staining to local fixation and tissue processing 
protocols. Thus, the high variability found in our study may be not attributed only to lab-
specific differences at an analytic level, but could rather be an interaction of analytic and 
preanalytic conditions. This means that the IHC performance shown in our study may differ 
from the actual local Ki67 staining quality of the individual lab. 

Although 20 of the 30 labs had participated in Ki67 QA circulation trials prior to our study, 
differences in median Ki67-LI and proportion of tumors classified as luminal A remained 
significant even when labs without external QA were excluded from the analysis, and nested 
ANOVA did not indicate any difference of Ki67-LI means between labs with and without QA. 
This ostensible paradox may be due to staining quality scoring systems without quantitative 
assessment [33, 34] or different statistical endpoints in QA trials, like concordance and κ 
with a ‘gold standard’ central lab [35] or ranking individual Ki67-LI results in a percentile 
system of participants in contrast to our approach of analyzing variance on ranks. Despite 
the indisputable benefits of external quality assurance programs for IHC in pathology labs, 
determination of Ki67 labelling accuracy, the closeness of the measurement to the true 
value, is hampered by the biological function of Ki67 and the necessity of quantitative 
assessment for clinical use. Unlike mitotic figures that can be consistently identified as such 
by the trained eye [36], cells in G₁, S and G₂-phase do not show any morphologic correlate 
[24] that could be used as internal control for false negative of false positive Ki67 staining 
results. As a consequence, a pragmatic ‘true’ Ki67 value of the individual lab for intrinsic 
subtyping and prognostication can be defined only in the context of local thresholds based 
on patient outcome, which were not available for the present study. As our study was based 
on TMAs which are known to show considerably lower Ki67 levels than surgical excision 
specimens or core needle biopsies [37], both approaches would, however, not result in 
clinically reliable Ki67 cut-offs for routine purposes [6]. Instead of establishing cut-points 
restricted to TMAs, our primary goal was rather to survey the status quo of interlaboratory 
variation in Ki67 staining in routine pathology labs. 

In conclusion, our data indicate that the substantial variability of published prognostic 
thresholds for the Ki67-LI ranging from 1% to 28·6% [38] may not be attributed to different 
standards in postanalytic assessment only, but could also be influenced by variability 
in analytic IHC labelling performance between labs. As the substantial interlaboratory 
variability of Ki67 staining may impact therapeutic decisions for or against cytotoxic 
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treatment, clinical use of the Ki67-LI should be considered only with great caution and fully 
aware of lab-specific reference values.
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Abstract
Background: In breast cancer patients undergoing neoadjuvant chemotherapy, histologic 
grading needs to be done on core needle biopsies (CNB) that may not be representative of 
the whole tumour when they are small. Our aim was to study the influence of biopsy sizes 
on agreement rates of histological grade between CNB and subsequent surgical excision 
biopsies (SEB).

Methods: We calculated agreement and Cohen’s κ between CNB and SEB of 300 early stage 
breast cancers. The number of cores, total core length, total tumour length and tumour: 
tissue ratio were assessed for each CNB set. Agreement rates for grade were calculated for 
different classes of core numbers and tumour: tissue ratio, and for total core lengths and 
tumour lengths per CNB set in 5 to 15 mm intervals.

Results: Agreement of grade between CNB and SEB was 73% (κ 0.59) with underestimation 
of grade in CNB in 26% and overestimation in 1% of cases. There was a significantly higher 
concordance between CNB and SEB at ≥50 vs <50 mm total core length (83% vs 68% 
agreement, p = 0.007), ≥15 vs <15 mm tumour length in CNB (79% vs 67% agreement, p = 
0.036), and <3 vs ≥3 number of cores (75% vs 58% agreement, p = 0.048). The tumour: tissue 
ratio, pathological and radiological tumour size were not statistically different between 
concordant and discordant cases.

Conclusion: Agreement rates of histological grade in CNB vs SEB improve with increasing 
biopsy sample size. 
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Introduction
Histological grade in the presurgical core needle biopsy (CNB) provides patients and 
doctors with important information on aggressiveness and proliferative activity of a newly 
diagnosed breast cancer [1, 2]. The Nottingham histological grade is a system of score points 
given for three defined criteria (glandular differentiation (GD), nuclear pleomorphism (NP), 
and mitotic activity) that form a final grading score between 3 and 9 by summing score 
points to: 3 to 5 for grade 1, 6 to 7 for grade 2, and 8 to 9 for grade 3, respectively [3]. 
Patients with tumours showing high grade features in CNB are candidates for neoadjuvant 
cytotoxic treatment, whereas patients with grade 1 cancers are less likely to benefit from 
chemotherapy [4, 5]. 

However, agreement rates of grade in CNB and the related surgical specimens (SEB) are 
reported to be only 59% to 91%, with SEB showing higher grades. Underestimation of mitotic 
activity in the CNB is the major cause for discordance, assuming an underlying sampling 
error in tumours with heterogeneous proliferation [1, 6]. 

Although some authors have suggested that increasing the amount of biopsy material could 
improve concordance of grade between CNB and SEB [6], available data is inconsistent and 
sparse. One study reported an improved grade agreement with increasing number of cores 
[7], while others failed to show an association between amount of CNB material and grade 
agreement between CNB and SEB [8-10]. 

Our aim was to investigate agreement rates of histological grade between CNB and 
subsequent SEB of early breast cancers stratified for number of cores, total core length, and 
total tumour length in the biopsy.
 
Material and Methods
This study was approved by the Research Ethics Commission of the University Greifswald, 
Germany (protocol BB 141/15). 300 patients with primary invasive breast cancer were 
retrospectively selected from 654 patients who underwent surgery between 2010 and 
2013 in the Dietrich Bonhoeffer Medical Centre. Criteria for study inclusion were: available 
hematoxylin and eosin stained (H&E) slides from formalin fixed, paraffin embedded blocks 
of both ultrasound guided CNB of mass lesions and subsequent SEB, no neoadjuvant 
treatment, and unifocality. Tumours <5 mm were excluded from the analysis since in most 
cases tumour tissue was either present in CNB or SEB but not in both, and a significant 
proportion were incidental findings in an area of microcalfications undergoing stereotactic 
vacuum-assisted biopsy (VAB). As the impact of grade on therapeutic decisions is highest in 
early stages with <4 nodal metastases but has minor influence in pT1a cancers, we focused 
on pT1b to pT3 cancers in our study, that are either pN0 or pN1a, and cM0.
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All CNB had been taken with 14-Gauge needles by two breast radiologists and one breast 
surgeon, all three working in the German mammography screening program and with >10 
years of experience in performing ultrasound-guided breast biopsies. VAB were excluded to 
avoid bias in number of cores and total core length.

Mean age of patients was 62 years (range 30 to 89 years). 25 (8%) patients had pT1b, 114 
(38%) pT1c, 144 (48%) pT2, and 17 (6%) pT3 disease, respectively. 226 (75%) were pN0, and 
74 (25%) pN1a. Histological typing revealed 235 (78%) cancers of no special type (NST), 42 
(14%) invasive lobular, and 23 (8%) other special type breast cancers.

All SEB had been sampled on fresh tissue by a specialized breast pathologist according to 
the Berlin-Buch protocol [11] and the European guidelines for quality assurance in breast 
cancer screening and diagnosis [12], prescribing fixation of tumour tissue in neutral buffered 
formalin within 30 minutes after excision. 

We collected the archived originally reported grades, which had been routinely assessed 
according to the Nottingham Grading System by at least two of four pathologists specialized 
in breast pathology in the Department of Pathology in Neubrandenburg. Mitotic activity 
was determined using a strict protocol [13, 14] adjusted to the microscope’s field of vision 
diameter for the standard mitotic score. If the CNB contained <10 HPF of tumour tissue, only 
the number of mitotic figures actually observed were documented without extrapolation. 
Mean number of slides assessed per surgical excision was 4.13 with a mean of 1.68 slides 
per 10 mm tumour diameter.

Assessment of core needle biopsy characteristics
The number of CNB per tumour was noted and core lengths were measured with a ruler 
summing up the lengths of all cores per biopsy set. To measure total tumour length and 
tumour: tissue ratio per CNB set, we digitized the slides with a high resolution slide scanner 
(Leica SCN400) in 40 x, and used the TissueMark application for percentage tumour tissue 
(PathXL, Belfast, Northern Ireland). TissueMark is a software for automated identification 
of tumour tissue in H&E slides and boundary setting for macrodissection. It automatically 
calculates the percentage of tumour tissue per total tissue (tumour: tissue ratio), and allows 
manual modification and annotation of the engine’s area selection (figure1). 

Tumour tissue was defined as invasive epithelial cells including intratumoral stroma since 
both components correlate with the mass seen in ultrasound by the radiologist. DCIS 
exceeding the invasive edge, lobular neoplasia and necrotic tumour were not taken into 
account. All automated TissueMark results were reviewed and corrected by the same 
observer. The percentage of tumour per core biopsy set was multiplied with the total length 
per core set in mm to calculate the total length of tumour tissue per core biopsy set in mm.
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Statistical Analysis
Overall agreement and Cohen’s κ for grade and grading score components in CNB vs SEB 
were calculated. Additionally, we calculated the positive predictive values (PPV) for the 
specific grade assessed in the CNB.

To test the null hypothesis that the number of cores, total core length, total tumour length, 
and tumour: tissue ratio per CNB set, and pathological tumour size did not differ between 
cases with concordant and discordant grade or MS in CNB vs SEB, we used the Mann-
Whitney test, assuming a p <0.05 as indicative of significant differences.

Agreement of grade and MS between CNB and SEB was calculated for the specific number 
of cores, various total core and total tumour lengths in 5-15 mm intervals to identify a 
minimum amount of CNB material that would be most representative for SEB grade.

We used the Pearson Chi-squared test to test the null hypothesis that specific total core 
lengths or total tumour lengths and grade or MS agreement are independent of each other. 

The statistical test were calculated with SPSS Statistics version 21.0 (IBM Corp., Armonk, 
New York, USA). 
 
Results
Tumour grades of CNB and subsequent SEB are shown in table 1. Overall agreement between 
CNB and SEB was 73% (κ 0.59). 84% (κ 0.70) for GD, 78% (κ 0.6) for NP, and 58% (κ 0.37) for 
MS, respectively. 

Figure 1: TissueMark application software showing boundaries of tumour tissue for macrodissection in a set of 
five ultrasound-guided core needle biopsies with invasive breast cancer
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The PPV in the CNB was 0.59 for grade 1, 0.67 for grade 2, and 0.99 for grade 3, respectively. 
Underestimation of grade in CNB occurred in 26%, overestimation in 1% of cases. Of the 78 
cases undergraded in CNB, 36% disagreed due to change in MS only, 29% to changes both in 
NP and MS, 22% to changes in both GD and MS, 3% due to change in GD, NP and MS, 6% to 
changes in GD score only, and 4% to changes in NP score only. Of the three cases overgraded 
in CNB, 33% disagreed due to changes in MS, 33% to changes in GD, and 33% to changes in 
NP, respectively.

Biopsy set characteristics for overall, concordant, and discordant cases according to the 
single observer are shown in table 2. There was no significant difference in median number 
of core biopsies (p = 0.149), total core length (p = 0.071), tumour tissue length (p = 0.077), 
tumour: tissue ratio (p = 0.771) or pathological (p = 0.411) or radiological tumour size (p = 
0.235) between cases with concordant and with discordant grade in CNB vs SEB.

Figure 2: Concordance rates of histological grade and mitotic score between core needle biopsies and subsequent 
surgical excisions stratified by total core length per biopsy set

A substantially higher number of cores (p = 0.021), total core length (p = 0.047), and total 
tumour length per biopsy set (p = 0.003) was found in concordant than in discordant MS 
in CNB vs SEB, but no differences were indicated in tumour: tissue ratio (p = 0.809) or in 
pathological (p = 0.899) or radiological tumour size (p = 0.862).
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Grade agreement rates between CNB and SEB ranged from 63% to 89% for cases with 15 
to 19 mm and ≥65 mm total core length, reaching a plateau at 50 mm (figure 2). For total 
tumour length, agreement rates ranged from 59% to 83% (0 to 4 mm vs ≥30 mm), with a 
plateau at 15 mm of tumour tissue (figure 3). Highest agreement (77%) was found with ≥6 
cores, and lowest with 2 cores (56%) reaching a plateau at 3 cores (figure 4).

Figure 3: Concordance rates of histological grade and mitotic score between core needle biopsies and subsequent 
surgical excisions stratified by total tumour tissue length per biopsy set

The MS agreement rates between CNB and SEB ranged from 32% to 82% for cases with 15 
to 19 mm vs 30 to 34 mm total core length per CNB set, reaching a plateau at 50 mm (figure 
2). For total tumour length, agreement rates ranged from 43% to 71% (5 to 9 mm vs 25 to 
29 mm), with a plateau at 15 mm tumour tissue (figure 3). Highest concordance was found 
with 5 and ≥6 cores (67%), and lowest with 2 cores (40%), reaching a plateau at 3 to 4 cores 
(figure 4, supplement 2).

A strong association was observed between total core length ≥50 mm and higher grade 
agreement rates (p = 0.007) while the association did not reach statistical significance for MS 
agreement (p = 0.07). There was also a strong association between total tumour length ≥15 
and both higher grade and MS agreement rates (p = 0.036, and p = 0.002, respectively), and 
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between higher grade agreement rates and ≥3 cores (p = 0.048), and higher MS agreement 
rates and ≥4 cores (p = 0.038). 
 
Discussion
Since the prognostic power of histological grade was verified by Elston and Ellis [3], many 
proposals have been made to improve agreement rates for grade and proliferative activity 
in CNB and subsequent SEB in order to provide the multidisciplinary breast team with 
predictive information for neoadjuvant treatment and presurgical patient counselling. 
Furthermore, the CNB may be the only available tissue for prognostication in patients 
undergoing neoadjuvant chemotherapy or heat ablation.

As shown in the present and in previous papers, underestimation of mitotic activity in 
the CNB plays a key role in grade discordant cases [6]. However, adjustment of MS to the 
biopsy setting showed only slight or no improvement in overall grade agreement in previous 
studies [15, 16]. Efforts to use a supportive additional proliferation marker, such as the Ki67-
labelling index, have been promising [17], but lack assessment standardization [18] and 
inter-observer reproducibility [19].

Figure 4: Concordance rates of histological grade and mitotic score between core needle biopsies and subsequent 
surgical excisions stratified by numbers of cores
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In the present study agreement rates of histological grade in CNB and related SEB (73%, 
κ 0.59), that were comparable to previous studies [2], improved with increasing biopsy 
sample size. Tumours with total biopsy core lengths of ≥50 mm showed a more accurate 
CNB grading of 83% compared to 68% agreement with total biopsy core lengths <50 mm. 
It is not surprising that the main cause for higher agreement of grade was an improved 
estimation of mitotic activity in CNB sets with high amounts of tumour and total tissue. 

From a minimum tumour tissue length of 15 mm in the CNB and ≥3 cores, agreement rates 
remained stable at 75%, indicating that this is the minimum amount of tissue for reliable 
CNB grading. In contrast, the tumour tissue: ratio in the biopsy had no influence on grade 
agreement, indicating that the metric size of tumour tissue has a higher impact than the 
tumour cell percentage. 

Although the differences in median biopsy volume characteristics did not reach significance 
for grade due to insufficient statistical power with the available sample size and small to 
medium effect sizes (achieved power for distinction in total core length: 0.38; for tumour 
tissue length: 0.79), the biopsy sample size characteristics were substantially higher in cases 
with concordant mitotic scores in CNB and SEB which have certainly contributed to the 
considerably improved agreement rates in cases with ≥50 mm total core length and/or ≥15 
mm.

De Andrade et al. used a similar approach but did not find any significant differences in total 
core length or total tumour length between grade concordant and discordant cases in CNB 
vs SEB. Although only one observer graded all cases, agreement between CNB and SEB was 
only 59% (κ 0.35). Compared to our own series, the authors describe considerable lower 
amounts of biopsy material gained per patient: 90% of the cases had total core lengths <30 
mm, and a mean of 11.1 mm tumour tissue per biopsy [8]. Their results are not contradictory 
to our findings since agreement in the present study was not improved until a minimum of 
50 mm total core length and 15 mm tumour tissue length. An advantage of our series is 
that, compared to other studies, higher amounts of material were taken during the biopsy 
procedure with a median number of 4 cores, and a median total core length of 41 mm. 

O’Leary et al. failed to show an association between grade agreement in CNB vs SEB and 
total core length, but they multiplied the number of cores with the total core length and 
with the ‘pathological’ factor of number of sections reviewed by the pathologist (‘core-
index’). The direct association between agreement and total core length was, however, not 
analysed [9]. Two other studies did not find an association of core biopsy length and grade 
concordance in CNB vs SEB, but in one only the nuclear grade, not Nottingham grade, was 
taken into account [20], and one analysed only minimum and maximum lengths of the cores 
but not the total core length per biopsy set [10].
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While some authors report an association of greater tumour size and grade discordance 
in CNB vs SEB [10, 21], we did not find any statistical difference in pathological tumour 
size between concordant and discordant cases in our study, which may be explained by the 
exclusion of late stage cancers. 

It may be appealing to apply our findings on optimal tumour tissue length to vacuum-
assisted biopsies. Nevertheless, radiological findings and biopsy indications usually differ 
between CNB targeting mass lesions, and VAB. In VAB, invasive cancer often is either an 
incidental finding when assessing suspect microcalcifications, or specific entities that 
present as mammographic densities (e.g. lobular cancers) are preferably found. Therefore, 
our results are limited to CNB of mass lesions.

Although sampling error can be reduced by increasing sample size, it should be kept in mind 
that agreement was not improved to >85%, and that grade in CNB should be regarded as 
provisional, except for CNB grade 3 which achieved a PPV of 0.99 in our routine setting. 

In conclusion, we demonstrate a strong association of grade agreement in CNB vs SEB of 
early breast cancers and biopsy volume that is available to the pathologist for diagnosis. 
Thereby, sampling error in breast cancer CNB with regard to grade and mitoses counting can 
be reduced by increasing sample size to a CNB total biopsy core length of ≥50 mm and a total 
tumour tissue length ≥15 mm to reach agreement rates of 75% to 80% for histological grade. 
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Abstract 
Background:
Phosphohistone H3 (PHH3) has been suggested to facilitate and improve mitotic activity 
assessment in breast cancer and other tumor entities, but the reliability of respective 
immunohistochemical antibodies has not yet been compared for routine purposes. Our 
aim was to test the performance of four different PHH3 antibodies on a series of highly 
proliferating breast cancers with good preservation of morphology.

Methods:
Four commercially available PHH3 antibodies were tested on nine grade 3 invasive breast 
cancers processed in the same batch. We analyzed the number of antibody stained and 
non-stained mitotic figures as well as the total of cells observed in ten high power fields 
per tumor to calculate sensitivity, specificity and accuracy of the respective antibodies for 
staining mitotic figures, taking morphologically defined mitotic figures as gold standard.

Results: 
Sensitivity, specificity and accuracy of the respective PHH3 antibodies for staining mitotic 
figures were 54.51%, 99.98% and 98.79% for Cell Marque, 87.48%, 67.62% and 67.47% 
for Epitomics, 98.62%, 99.73% and 99.49% for Merck 06-570, and 99.74%, 99.52% and 
99.51% for Merck 09-797, respectively. Sensitivity was lowest for telophase. In statistical 
analysis, the Cell Marque antibody demonstrated significantly lower sensitivity and 
Epitomics substantially lower sensitivity and specificity than Merck 06-570 and Merck 09-
797 antibodies (p <0.0001, respectively). 
Conclusion: 
Performance and reliability varied significantly between the four tested antibodies. For 
faster identification of mitotic hot spots and as potential marker in digital image analysis, 
the Merck antibodies seem to be most suitable. 
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Introduction
Proliferation markers have since long been shown to have major prognostic significance in 
breast cancer [1]. Mitotic index as a measure of proliferation is the major component of 
histological grading in breast cancer which is widely used for personalizing systemic therapy 
[2]. Therefore, the reliability of assessing proliferative activity has become a major issue in 
breast cancer diagnostics [3;4]. Using protein-based surrogates for molecular subtypes, Ki67 
has originally been suggested an adequate marker of proliferation for prognostication [5], but 
poor interobserver reproducibility [6] and lack of method standardization [7] compromise 
its actual usefulness. Mitoses counting has been shown to be highly reproducible among 
dedicated and well trained observers [8]. However, in routine practice reproducibility of 
mitoses counting is not optimal and depends on the pathologist’s patience and dedication 
to find hot spots within a tumor, which can be challenging and time consuming, and their 
ability to recognize mitotic figures.  

Phosphorylation of histone H3 protein occurs almost exclusively during mitosis and the 
resulting phosphohistone H3 (PHH3) can be targeted with an immunohistochemical 
antibody. Unlike Ki67, which labels cells in all phases of the cell cycle except for G₀ [9], 
PHH3specifically stains mitotic figures [10;11]. Increased interobserver reproducibility of 
mitotic count using PHH3 has not only been suggested in breast cancer [12] but also in other 
tumor entities like melanoma [13], meningioma [14], gastrointestinal stromal tumors [15] 
and neuroendocrine tumors [16] The prognostic power of mitotic activity visualized with 
PHH3 in breast cancer has been reported to be stronger than the Ki67-labelling index [17] 
and to correlate tightly with recurrence scores of the 21-gene assay [18-20]. While a good 
correlation of staining results between different antibody clones has been described for Ki67 
[21], only limited data is available on performance and reliability of different PHH3 antibody 
clones for routine purposes. Our aim was therefore to compare the accuracy, sensitivity and 
specificity of four commercially available PHH3 antibodies in a series of highly proliferative 
breast cancers.

Methods
Nine formalin fixed paraffin embedded breast cancer blocks from surgical excision specimens 
were selected from the archives of the Department of Pathology of the Dietrich Bonhoeffer 
Medical Centre and were processed in an anonymized fashion. Within a cold ischemia time 
of 30 minutes after surgical excision, the tumors had been sampled from fresh tissue by a 
specialized breast pathologist according to the European guidelines for quality assurance in 
breast cancer screening and diagnosis [22]. The tissue samples had maximum dimensions 
of 22 x 15 mm with a maximum thickness of 3 mm and were fixed for 24 hours in 4%% 
buffered formalin at room temperature, for additional 3.5 hours in vacuum at 40° C, and 
then processed routinely to hematoxylin and eosin (H&E) stained sections. Study inclusion 
criterion was >30 mitotic figures per ten high power fields (HPF, corresponding to 2.21 mm2) 
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in H&E sections. All cases were grade 3 invasive breast cancers of no special type (NST). 
Three tumors were estrogen receptor (ER) and progesterone receptor (PgR) positive and 
HER2 negative, three were triple negative, two were ER and PgR positive and HER2 positive, 
and one was HER2 positive and ER and PgR negative.

Immunohistochemistry
Five 4 µm thin serial sections per case were prepared with a rotation microtome by one 
technician on the same day: four serial slides for staining with the respective PHH3 antibodies 
and a fifth serial slide that was H&E stained. We used the following PHH3 antibodies: Cell 
Marque 369A-15 polyclonal rabbit, 1:100 dilution (Cell Marque MEDAC, Rocklin, CA, USA; 
charge number 1430010C); Epitomics AC-0250 pT3 clone EP233, monoclonal rabbit antibody, 
1:20 dilution (Epitomics Inc, Burlingame, CA, USA; charge number EL090302); Merck 06-570 
Ser10 polyclonal rabbit antibody, 1:100 dilution (Merck KGaA, Darmstadt, Germany; charge 
number 2517793); Merck 09-797 Ser10 polyclonal rabbit antibody, 1:100 dilution (Merck 
KGaA, Darmstadt, Germany; charge number2474845 ). All slides were manually stained by 
one technician in the same batch. The sections were incubated with the primary antibody 
for one hour after heat induced epitope retrieval in citrate buffer at pH 6.0, blocking 
the endogenous peroxidase activity in hydroperoxide for 5 min. We used the labelled 
streptavidin-biotin detection system with a LSAB2 kit (DAKO) visualizing with 3-amino-9-
ethylcarbazole that gives a red-brown staining in a hematoxylin blue counterstaining. 

Study protocol
One observer investigated all cases to avoid interobserver bias. Ten neighboring high power 
fields (HPF) in 40x were analyzed per slide using a light microscope with 0.53 mm field of 
vision. An area of subjectively high mitotic activity was selected and marked with a pen 
as starting point on the first slide of the case series. After counting ten HPF of the first 
slide with at least 30 mitotic figures, the investigated area was marked with a pen, and the 
marked area was copied onto the remaining three slides of the series and the H & E slide 
which was used as negative control. 

Mitotic figures were identified based on their morphologic characteristics regardless of anti-
PHH3 reactivity: absent nuclear membrane and condensed chromosomes, either plane or 
clotted (metaphase), in two connected but separating clots (anaphase) or in two completely 
separated clots (telophase). Telophase figures were counted as one mitosis. Distinct 
condensed and clotted chromosomes within an intact nuclear membrane were accepted 
as cells in prophase. Any staining intensity combined with a morphologically unambiguous 
mitotic figure was considered true positive. Cells with a faint or granular nuclear anti-PHH3 
reactivity without distinct condensed chromosomes were not considered mitoses but rather 
cells in interphase [11]. Only invasive cancer cells were analyzed, and necrotic or crushed 
areas were skipped.
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For each HPF the following observations were noted: number of mitotic figures stained 
by the antibody (true positives); number of objects that fulfil the morphologic criteria of 
mitoses but were not anti-PHH3 stained (false negatives); number of invasive cancer cells 
that were anti-PHH3 stained but did not meet the morphologic criteria of mitotic figures 
(false positives); number of non-mitotic invasive cancer cells that are not anti-PHH3 stained 
(true negatives); total number of mitotic figures; total number of invasive cancer cells; 
number of stained and non-stained mitotic figures according to their respective phase 
(prophase, metaphase, anaphase, telophase).

Data analysis
Mitotic frequencies were recalculated to 1 mm2. To describe the antibody performance, 
we calculated sensitivity, specificity and accuracy of the respective anti-PHH3 reactivity for 
each case, and then averaged for all cases. Antibody sensitivity was defined as ratio of true 
positive mitotic figures to the total of mitotic figures observed, specificity as ratio of true 
negatives to the sum of true negatives and false positives, and accuracy as ratio of true 
positive mitotic figures and true negative non-mitotic cells to the total number of analyzed 
cells. 

To investigate whether antibody performance is related to specific mitotic phases, sensitivity 
for prophase, metaphase, anaphase and telophase were calculated separately. 

To test the null hypothesis that there is no difference in sensitivity, specificity and accuracy 
between the antibodies and no difference in mean percentages of mitotic phases between 
the antibodies, one-way analysis of variance (ANOVA) was used with a post hoc Tukey test. 
A p <0.05 was considered to indicate significant differences.

All statistical tests were performed with SPSS Statistics version 23 (IBM Corp., Armonk, NY, 
USA). 

Results
All nine cases showed good morphology preservation without any signs of delayed fixation 
such as autolysis, artificial loss of cell cohesion, tumor retraction artifacts, cytoplasmic 
vacuolization, cell disruption or nuclear chromatin margination [23]. A total of 1863 mitotic 
figures and 197685 cells were analyzed. Mean number of mitotic figures per mm² were: 
24.87 with H&E, 30.82 with Cell Marque, 30.16 with Epitomics, 32.88 with Merck 06-570, 
and 36.76 with Merck 09-797, respectively. The percentage of mitotic figures per total 
amount of cells was 1.0% for H & E, 1.18% for Cell Marque, 1.18% for Epitomics, 1.41% for 
Merck 06-570, and 1.58% for Merck 09-797, respectively. 
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The four tested antibodies demonstrated crisp staining of mitotic figures, but varied in 
accuracy, sensitivity and specificity. The staining characteristics of the respective PHH3 
antibodies are shown in figure 1. 

Accuracy, sensitivity, specificity, number of true positives and negatives, number of false 
positives and negatives for each antibody are shown in detail in table 1. 

Figure 1: Snapshots of immunohistochemical slides representing the performance characteristics of four 
commercially available PHH3 antibodies. A – Cell Marque:  One metaphase is stained with Cell Marque (green 
arrow), while two other metaphases are negative (orange arrows); B – Epitomics: Three metaphases, two 
telophases and one prophase stained with Epitomics (green arrows) and a substantial percentage of positively 
stained cells that are morphologically not in mitosis; C – Merck06-570:  One metaphase, one anaphase and two 
telophases (green arrows) stained with Merck 06-570; D - Merck 09-797: One prophase and three metaphases 
(green arrows) stained with Merck 09-797 and one positive non-mitotic cells (white arrow).

Sensitivity was highest in Merck 09-797 (99.74%) and lowest in Cell Marque (54.51%), while 
specificity was lowest in Epitomics (67.62%) and highest in Cell Marque (99.98%). Highest 
antibody accuracy was found in Merck 09-797 (99.51%) and Merck 06-570 (99.49%). ANOVA 
indicated significant differences in sensitivity between the four antibodies (p <0.0001) 
with significantly lower sensitivity using Cell Marque and Epitomics than Merck 06-570 or 
Merck 09-797 (p <0.0001, respectively). There was no significant difference in sensitivity 
between Merck 06-570 and Merck 09-797 (p = 0.981). A significantly lower specificity and 
accuracy was found using Epitomics than using Cell Marque, Merck 06-570 or Merck 09-797 
(p <0.0001 for both specificity and accuracy between Epitomics and the respective other 
antibodies). 
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There was a significant difference between the four antibody stains in percentage of 
identified prophase nuclei in relation to the total of identified mitotic figures (p <0.0001) 
with a lower percentage of prophase nuclei found in H&E than using Merck 06-570 (p = 
0.003) or Merck 09-797 (p <0.0001), and a significantly lower percentage of prophase nuclei 
using Cell Marque than using Merck 09-797 (p = 0.005). Conversely, the percentage of cells 
in metaphase in relation to the total of identified mitotic figures was significantly higher 
in H&E than using Merck 06-570 (p = 0.013) and Merck 09-797 (p = 0.020). There were no 
significant differences between the five stains in percentages of anaphase (p = 0.434) or 
telophase (p = 0.133, figure 2). Atypical mitoses were rarely found in the series comprising 
0.33% of all mitotic figures using Cell Marque, 0.46% using Merck 06-570, and 0% using 
Epitomics, Merck 09-797 or H & E, respectively.

Lowest sensitivity was found in telophase (Cell Marque: 21%; Epitomics: 76%, Merck 06-
570: 95%, Merck 09-797: 100%), and highest in anaphase (Cell Marque: 69%; Epitomics: 
95%, Merck 06-570: 100%, Merck 09-797: 100%). 

Table 1: Mitotic figure and cell content of the investigated regions of nine grade 3 breast cancers and overall 
performance of four PHH3 antibodies (n.a. = not applicable).

 

108 
 

Figure 1: Snapshots of immunohistochemical slides representing the performance characteristics of four 
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Cell Marque Epitomics Merck 06-570 Merck 09-797 H & E  

PHH3 PHH3 PHH3 PHH3   

Mitotic Figures 

  True Positive 333 524 644 773 n.a. 

  False Negative 278 75 9 2 n.a. 

  Total 611 599 653 775 494 

Non-Mitotic Cells 

  True Negative 50920 33589 45523 47831 n.a. 

  False Positive 10 16087 123 236 n.a. 

Total Number of Cells 

  51885 50561 46401 48838 49387 

Antibody Specificity 

  99.98% 67.62% 99.73% 99.52% n.a. 

Antibody Accuracy 

  98.79% 67.47% 99.49% 99.51% n.a. 

Antibody Sensitivity 

  Overall 54.51% 87.48% 98.62% 99.74% n.a. 

  Prophase 50% 86% 97% 98% n.a. 

  Metaphase 56% 88% 99% 99% n.a. 

  Anaphase 69% 95% 100% 100% n.a. 

  Telophase 21% 76% 95% 100% n.a. 

  Atypical Mitosis 50% n.a. 100% n.a. n.a. 

Table 1: Mitotic figure and cell content of the investigated regions of nine grade 3 breast cancers and overall 

performance of four PHH3 antibodies (n.a. = not applicable). 

 

Sensitivity was highest in Merck 09-797 (99.74%) and lowest in Cell Marque (54.51%), while specificity was 

lowest in Epitomics (67.62%) and highest in Cell Marque (99.98%). Highest antibody accuracy was found in 

Merck 09-797 (99.51%) and Merck 06-570 (99.49%). ANOVA indicated significant differences in sensitivity 

between the four antibodies (p <0.0001) with significantly lower sensitivity using Cell Marque and Epitomics 

than Merck 06-570 or Merck 09-797 (p <0.0001, respectively). There was no significant difference in sensitivity 

between Merck 06-570 and Merck 09-797 (p = 0.981). A significantly lower specificity and accuracy was found 
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In case-to-case analysis, minimum and maximum antibody sensitivity were 3.16% to 87.88% 
for Cell Marque, 32.2% to 100% for Epitomics, 96.36% to 100% for Merck 06-570, and 
98.7% to 100% for Merck 09-797, respectively. Minimum and maximum antibody accuracy 
were 31.73% to 97.15% for Epitomics, 90.77% to 99.9% for Cell Marque, 97.49% to 99.93% 
for Merck 09-797, and 98.78% to 99.92% for Merck 06-570, respectively. For specificity, 
minimum and maximum among the nine cases were: 30.76% to 97.49% for Epitomics, 
97.44% to 99.94% for Merck 09-797, 98.92% to 99.99% for Merck 06-570, and 99.17% to 
100% for Cell Marque (table 2).

Figure 2: Distribution of mitotic phases in nine grade 3 breast cancers found with the respective PHH3 antibodies 
and in H&E.
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Table 2: Sensitivity, specificity and accuracy of four PHH3-antibodies for staining mitotic figures in nine high 
proliferating invasive breast cancers of no special type 
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PHH3-Antibody Case number 
1 2 3 4 5 6 7 8 9 

CellMarque 
 Sensitivity 44.28 86.58 48.39 54.84 45.45 56.52 03.16 87.88 66.96 
 Specificity 100 99.93 99.17 100 100 99.86 100 100 99.99 
 Accuracy 90.77 99.03 99.12 99.79 98.59 99.54 98.80 99.90 99.56 
Epitomics 
 Sensitivity 87.32 97.48 80.70 81.25 85.36 98.30 32.20 100 100 
 Specificity 69.50 57.90 96.51 94.12 90.85 30.76 97.49 42.73 49.11 
 Accuracy 69.85 58.78 90.62 94.04 88.12 31.73 97.15 43.39 49.72 
Merck 06-570 
 Sensitivity 96.92 100 96.97 96.77 97.62 96.36 98.90 100 100 
 Specificity 99.89 99.50 99.44 99.34 99.88 98.92 99.93 99.80 99.99 
 Accuracy 99.83 99.52 99.38 99.32 99.84 98.78 99.92 99.82 98.85 
Merck 09-797 
 Sensitivity 98.70 100 100 100 100 100 98.99 100 100 
 Specificity 99.94 99.59 97.44 99.35 99.69 99.15 99.92 99.44 99.88 
 Accuracy 99.93 99.69 97.49 99.38 99.56 99.17 99.91 99.33 99.88 
Table 2: Sensitivity, specificity and accuracy of four PHH3-antibodies for staining mitotic figures in nine high 
proliferating invasive breast cancers of no special type  

 

Discussion 

Mitotic activity, assessed with PHH3 or in conventional H&E slides, is one of the strongest prognostic factors in 

breast cancer [2;24]. Most studies have demonstrated a good correlation of PHH3 and H&E based mitotic count 

with a clear tendency of finding more mitoses with PHH3 [2;12;25;26]. The purpose of PHH3 staining is a faster 

detection of hot spots and facilitated mitotic figure recognition, which requires high specificity of the antibody 

for the mitotic phase. In addition, as PHH3 is expected to objectify mitotic count in both human observers and 

digital image analysis [25], perfect sensitivity for staining all mitotic phases is mandatory. Finally, the antibody 

performance has to be robust and demonstrate high inter-case reproducibility. In the present study, sensitivity 

and specificity varied substantially between different PHH3 antibodies. One antibody showed insufficient 

sensitivity (54.51%), but almost perfect specificity (99.98%), while another antibody demonstrated low 

specificity for staining mitotic figures (67.62%), but high sensitivity (87.48%). Two of four tested antibodies 

performed consistently in all of the investigated nine tumors, but two showed a varying sensitivity of 3% to 

88% or a specificity of 31% to 97% between the cases.  

To avoid any influence from variations in IHC processing, we stained all slides in one batch. This is both a 

strength and a limitation of our study, as this limited our series to nine breast cancers, the maximum for one 

batch. However, we selected only cases with high numbers of mitotic figures per tumor to provide sufficient 

numbers of objects to evaluate differences in sensitivity, specificity and accuracy between different antibodies 

by variance analysis. 

Discussion
Mitotic activity, assessed with PHH3 or in conventional H&E slides, is one of the strongest 
prognostic factors in breast cancer [2;24]. Most studies have demonstrated a good correlation 
of PHH3 and H&E based mitotic count with a clear tendency of finding more mitoses with 
PHH3 [2;12;25;26]. The purpose of PHH3 staining is a faster detection of hot spots and 
facilitated mitotic figure recognition, which requires high specificity of the antibody for the 
mitotic phase. In addition, as PHH3 is expected to objectify mitotic count in both human 
observers and digital image analysis [25], perfect sensitivity for staining all mitotic phases 
is mandatory. Finally, the antibody performance has to be robust and demonstrate high 
inter-case reproducibility. In the present study, sensitivity and specificity varied substantially 
between different PHH3 antibodies. One antibody showed insufficient sensitivity (54.51%), 
but almost perfect specificity (99.98%), while another antibody demonstrated low specificity 
for staining mitotic figures (67.62%), but high sensitivity (87.48%). Two of four tested 
antibodies performed consistently in all of the investigated nine tumors, but two showed a 
varying sensitivity of 3% to 88% or a specificity of 31% to 97% between the cases. 

To avoid any influence from variations in IHC processing, we stained all slides in one batch. 
This is both a strength and a limitation of our study, as this limited our series to nine breast 
cancers, the maximum for one batch. However, we selected only cases with high numbers of 
mitotic figures per tumor to provide sufficient numbers of objects to evaluate differences in 
sensitivity, specificity and accuracy between different antibodies by variance analysis.

Only two other studies have reported inadequate PHH3-staining of mitotic figures. Tetzlaff 
et al. described discrepancies between H&E and PHH3 based mitotic count in cutaneous 
melanoma. In their study, PHH3 failed to identify mitotic figures in 5 of 113 cases where 
they were previously identified in H&E, but no information is available whether the missing 
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mitotic figures were not sufficiently stained with PHH3 or if they were simply not present in 
the slide section. Additionally, with a mean of 3.2 mitotic figures per mm² [27], the mitotic 
activity was substantially lower than in our own series of breast cancers (overall mean for 
all antibodies: 32.69 mitotic figures per mm²). While antibody-assisted mitotic activity 
assessment is especially useful in finding active areas in low or intermediate proliferating 
tumors, testing the reliability of PHH3 antibodies in these entities can be difficult since low 
sensitivity may not be obvious to the observer while searching for few mitoses in a large 
area of non-mitotic cells. 

As we investigated comparable but not exactly the same areas on the five serial slides 
per case, varying percentages of mitotic figures per total cell amount may reflect regional 
differences in mitosis content. It should be noted, however, that both low sensitivity (Cell 
Marque) and low specificity (Epitomics) of the PHH3 antibodies may have compromised 
proper mitotic figure recognition. Furthermore, a significantly higher percentage of prophase 
nuclei was observed with the PHH3 antibodies that displayed highest mitotic figure content 
than using H&E or those with a lower percentage of mitotic figures per total of cells. As 
prophase nuclei may be easily missed in H&E and immunohistochemical hematoxylin 
counterstains due to their discrete morphologic characteristics, the higher mitotic figure 
content in Merck 09-797 and Merck 06-570 may also indicate higher sensitivity of these 
antibodies for staining prophase. A notably low sensitivity was found for staining cells in 
telophase with its morphologically distinct features of two separate condensed chromatin 
clots in two of the four tested antibodies, but at the same time high sensitivity for cells in 
anaphase. Although the reason for this varying sensitivity for the respective mitotic phases 
is not clear, it is of note that phosphorylation of histone H3 at serine 10 disappears during 
telophase before or at the onset of chromosome decondensation [28], which could result 
in a change of antigen characteristics. Hirata et al. reported a decreased staining intensity 
in telophase nuclei compared to other mitotic phases in liver tissue of rats using a PHH3 
antibody targeting serine 28 [29]. However, two antibodies in our study targeting serine 10 
of PHH3 showed consistently almost perfect sensitivity for all mitotic phases.

Tapia et al. described an unsatisfying performance of a PHH3 antibody in 20% of lumpectomy 
and 14% of mastectomy specimens that they investigated, and the authors suggested 
inappropriate tissue fixation as main cause for insufficient PHH3 staining results in their 
series [26]. Since delayed or elongated fixation has previously been described to influence 
PHH3 immunohistochemistry [29], we selected paraffin embedded cancer tissue that had 
been sampled immediately after surgical excision with a cold ischemia time <30 minutes, 
resulting in excellent tissue morphology, and allowing morphology to be the gold standard 
for our study. Hence, we cannot provide information on the performance of the respective 
PHH3 antibodies with regard to delayed or elongated fixation.
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Conversely, other authors have suggested to use PHH3 in particular in tumor tissue suffering 
from poor fixation or crush artifacts [12]. PHH3 negativity may indeed be very helpful in 
distinguishing mitotic figures from pyknotic, apoptotic or crushed cells, but requires perfect 
antibody sensitivity to avoid false negative results. Then, the impact of PHH3 positivity in 
distorted, crushed or poorly fixed tumor infiltrates is highly dependent on the antibody’s 
specificity. Both low specificity and low sensitivity of PHH3 antibodies may directly influence 
mitotic count results and thus patient risk stratification and therapeutic decisions.

In conclusion, our data emphasize the indispensability of quality assurance and the 
importance of morphology when interpreting immunohistochemical stains. Performance 
and reliability varied significantly between the four tested PHH3 antibodies. For faster 
identification of mitotic hot spots and as potential marker in digital image analysis, the 
Merck antibodies seem to be most suitable in our hands. 
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In this thesis we aimed to highlight methodological and analytical issues of proliferation 
assessment in breast cancer using Ki67, grade and mitotic count in H&E and PHH3 stains. 
Here, the main conclusions of the thesis will be reviewed and discussed.

One method to rule them all? - The many faces of Ki67 assessment
Although the St Gallen consensus repeatedly recommended Ki67 for distinction between 
luminal A and B tumours [1-3], a generally accepted protocol for proper assessment is not 
yet available. As a consequence, counting methods vary between pathology labs in routine, 
especially in number of analysed cells and region of interest selection [4-6]. However, not 
much attention has been payed to the question whether different assessment methods 
would result in comparable Ki67 levels and thus, come to the same conclusions for systemic 
treatment for the patient.

We showed that absolute Ki67 levels are highly influenced by assessment method selection 
in Chapter 2. Applying nine different Ki67 counting protocols to the same slide series of 
early breast cancers, Ki67-LI medians in luminal tumours ranged from 15.4% to 33.0%. 
When the formerly recommended 20% cut-off was used to define low and high proliferation 
in tumours [1], the proportions of cancers classified as luminal A varied from 13% to 44% 
between the nine assessment methods. Substantially higher Ki67-labelling index (Ki67-LI) 
medians were found for methods that assess the hot spot only or hot spot and tumour 
periphery, whereas protocols measuring an average of the tumour’s proliferative activity 
showed consistently lower Ki67 levels. Moreover, Ki67-LI medians tended to be higher when 
100, 200 or 300 cells compared to 1000 cells were counted in the same area, a phenomenon 
previously described as ‘dilution effect’ [7]. Interestingly, no statistical difference was found 
for average methods counting 500 vs 1000 cells, while Ki67 levels were lower counting 1000 
than 500 cells when hot spot and periphery were assessed, which indicates that the degree 
of dilution by counting more cells may also be method specific.

Although it is not appropriate to draw conclusions from our findings on which Ki67 
assessment method should be preferred to define luminal A-like cancers, our data support 
a method-specific approach for the interpretation of Ki67 levels. However, the choice for a 
specific Ki67 counting method may directly impact the proportion of patients considered 
having low risk disease, in particular when cut-points for prognostication are not adjusted 
to lab-specific protocols.

As the differences between counting protocols may be attributed to regional variability in 
expression pattern of Ki67 in breast cancer tissue, we investigated the underlying extent of 
intratumoral heterogeneity of Ki67 expression in our series in Chapter 3. We compared Ki67 
levels in three defined spots (hot spot, cold spot and an area of intermediate proliferation) 
[4] that represent extreme differences within a tumour and found substantial intratumor 
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heterogeneity of Ki67 expression across histopathological subgroups. Furthermore, the 
intratumoral differences even exceeded variability of Ki67 levels between tumours. The 
coefficient of variation was highest in oestrogen receptor positive, grade 3, grade 1 and in 
invasive lobular cancers, and lowest in medullary and metaplastic tumours.

The highest impact of intratumoral heterogeneity, however, must be considered in 
oestrogen receptor positive cancers of no special type, in which regional variation of Ki67 
levels may cross recommended cut-offs for chemotherapy decisions. At the same time it is 
the clinicopathological subgroup that is most eligible for further subtyping into luminal A 
and B cancers based on Ki67.

Thus, our findings may stimulate re-evaluation of currently advocated Ki67 counting 
protocols, and may contribute to a better understanding of the high variation in Ki67 levels 
between different assessment methods.

Another issue in Ki67 assessment is a high variability between observers even when counting 
areas are predefined [8, 9]. The International Ki67 in Breast Cancer Working Group undertook 
efforts to improve concordance among pathologists and suggested a web-based calibration 
tool for training [10] and a sophisticated but highly standardized counting protocol which 
is described in the Addendum. The first trial with 22 raters was performed on core needle 
biopsies, and studies on whole slides of surgical excisions will now follow. 

To improve and understand underlying causes of interobserver reproducibility, it would also 
be of interest to study the ability of pathologists to recognize hot spots, and to investigate 
the influence of specific counting schemes on final Ki67 results. Concerning the latter, there 
is still little known whether counting strategies (e.g. counting in a typewriter fashion, in 
spirals from the hottest spot, following pre-existing organoid structures of the tumour or 
using gridlines for orientation) may systematically impact Ki67 levels and could thus be a 
source of interobserver bias in otherwise standardized conditions with predefined region of 
interest and numbers of cells for analysis.

However, a different approach to define the optimal Ki67 assessment method would be to 
select the counting protocol that most successfully predicts patient outcome. Some authors 
have considered hot spot methods as superior to average methods [11, 12], but no direct 
comparison is available for different numbers of cells in combination with different regions 
of interest selections like reported in Chapter 2. Thus, outcome analysis after a reasonable 
follow-up time would be of great interest for our series.

Another important point would be to get an impression of the proliferative activity of a 
whole tumour and to highlight the association between the Ki67-LI of the total of cells with 
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Ki67 levels of standardized counting protocols. The only acceptable way to assess a Ki67-LI 
of the total of tumour cells in practice would be to use digital image analysis supervised by 
an experienced observer as previously reported by Laurinavicius et al [13]. It should also 
be considered to compare the total Ki67-LI of all available slides of completely embedded 
tumours to document any intratumoral heterogeneity between slides that could influence 
the results.

As many authors assume that computer-assisted digital image analysis is more reproducible 
than results generated by human observers, it would be interesting to compare not only 
supervised and unsupervised counting performance of different algorithms but also to 
study to which degree the final Ki67 results are reproducible among different observers 
using the same algorithm.

Finally, a detailed analysis on the time needed for finishing the assessment should be 
performed for both human observer and computer-assisted measurement of Ki67, mitotic 
activity and mitotic figures labelled with PHH3 to calculate cost-effectiveness of the methods.

Through the keyhole - Reliability of proliferation assessment in core needle 
biopsies
Intratumoral heterogeneity is also assumed the major cause for sampling error in core 
needle biopsies when assessing proliferation [14] with agreement rates between biopsy 
and surgical excision of 65% to 82% for Ki67 [15, 16], and 59% to 91% for histological 
grade [17, 18]. As the tumour periphery, the area with usually highest proliferative activity, 
is underrepresented in core biopsies, reliable information for prognostic or predictive 
purposes is often restricted to the final results of the surgical excision specimen. 
We investigated whether reliability of Ki67 levels and histological grade in core needle 
biopsies of early breast cancers improves with increasing biopsy volume in Chapter 4 and 
Chapter 6.

In Chapter 4, we applied two different Ki67 assessment methods proposed by the International 
Ki67 in Breast Cancer Working Group [4] and found significantly lower Ki67 levels in core 
biopsies than in surgical excisions of luminal cancers. Testing different recommended cut-
points to distinguish low and high proliferation [1, 3], agreement between core biopsy and 
surgical excision ranged from 66% to 75% with highest concordance when the standard 20% 
cut-off was applied and an average of the proliferative activity was assessed.
An interesting finding is that Ki67-LI agreement rates between core biopsies and subsequent 
surgical excisions neither improved with biopsy-specific (lower) cut-offs nor with an 
increased biopsy volume. This can be seen as an advantage of the Ki67-LI in core biopsies as 
few tissue is needed for assessment. However, it also indicates the limitations of the applied 
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Ki67 counting protocols to adequately represent intratumoral heterogeneity of proliferative 
activity.

Conversely, a strong association between agreement and increased biopsy volume was 
evident for histological grade, as reported in Chapter 6. Tumours with total biopsy core 
lengths ≥50 mm showed 83% grade agreement with the surgical excision compared to 66% 
in tumours with a total core length of <50 mm. From a minimum of 15 mm of tumour tissue 
in the core biopsy, grade agreement rates with the surgical specimen remained stable at 
≥73%.

Underestimation of mitotic activity in the core biopsy was the main cause for grade 
discordance with the surgical excision which is consistent with our findings on Ki67 levels 
in Chapter 4, and emphasizes the effect of sampling error in tissues with intratumoral 
heterogeneity of proliferation.

In conclusion, low Ki67 levels and histological grades 1 and 2 in core needle biopsies should 
be regarded as provisional until confirmed by the final assessment in the subsequent surgical 
excision, similar to existing recommendations for hormonal receptors [19] and HER2 [20].

Although an improved concordance of Ki67 levels in core biopsies and subsequent surgical 
excisions compared to histological grade was reported in two studies [21, 22], we could not 
find any evidence that Ki67 is less affected by sampling error than grade. To undermine our 
hypothesis that lower proliferation levels in the core biopsy derive from the usual biopsy 
technique in which the taken cores contains exponentially more tissue from the centre than 
from the highly proliferating periphery, it would be interesting to perform a whole slide 
digital image analysis for both biopsy and surgical excision assessing the total of cells, and to 
compare the median Ki67-LI between the specimens. 

As some authors advocate Ki67 as supportive tool for histological grading especially in core 
biopsies [21, 22], another interesting study would be to assign Ki67-LI according to various 
counting protocols to the respective mitotic score of the tumour to investigate whether Ki67 
levels can reliably reproduce mitotic scores of the Nottingham Grading System.

To improve reliability of the measured proliferative activity in core needle biopsies, we should 
further investigate whether specific radiological findings in terms of tumour configurations 
and sizes are associated with an increased probability of high intratumoral heterogeneity 
and may thus necessitate a more extensive sampling undergoing ultrasound guided core 
needle biopsy.
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Seeing is believing, but is believing enough? - Reliability of proliferation 
assessment based on immunohistochemistry
Some authors have suggested to use immunohistochemical staining like PHH3 to 
compensate suboptimal morphology preservation in poorly fixed tissues [23]. However, 
the observer should feel certain that objects which are stained by the antibody represent 
exclusively mitotic figures, and have confidence that all mitoses will be stained with the 
antibody without exception. Thus, not only quality control for the analytical process of PHH3 
immunohistochemical staining is essential but also the observer’s ability to consistently 
recognise the morphologic features of mitoses to verify perfect antibody sensitivity and 
specificity. 

The utility of PHH3 has been studied mainly in tumour entities with low average mitotic 
activity like cutaneous melanoma [24], meningioma [25] and neuroendocrine tumours [26], 
but low sensitivity of PHH3 antibodies may not be obvious to the observer while searching 
for few mitotic figures in a large area of non-mitotic cells. Therefore, we investigated 
the performance of four commercially available PHH3 antibodies, and found substantial 
differences in sensitivity (54% to 99%) and specificity (68% to 99%) to mark mitotic figures 
in a series of highly proliferating breast cancers in Chapter 7. Only two of the four tested 
antibodies performed consistently high in all tumours of the series, whereas for two others 
sensitivity varied from 3% to 88% and specificity from 31% to 97% between the cases. One 
antibody demonstrated insufficient overall sensitivity (54%) but almost perfect specificity 
(99%), while another antibody showed low specificity (67%) and at the same time high 
sensitivity (87%). Our data sound a note of caution and emphasize the importance of 
morphology when interpreting immunohistochemical results.

The non-existing morphologic correlate for cells in G₁-, S- and G₂-phase of the cell cycle can 
be considered as one of the major causes of the high variability of Ki67 between the 30 
participating pathology labs in Chapter 5. Although interrater bias was excluded and the 
assessment was restricted to a tumour spot of 0.6 mm, which also eliminated any variation 
from region of interest selection, lab-specific Ki67-LI medians ranged from 0.65% to 33%. 
Applying a standard Ki67 cut-off to define low and high proliferation in the subgroup of 
oestrogen receptor positive HER2 negative cancers, the proportion of tumours classified as 
low risk luminal A ranged from 17% to 57% between the labs.

As distinct morphologic features for ‘proliferating’ cells are lacking except for cells undergoing 
mitosis, and the interpretation of the immunohistochemical Ki67 stain is not restricted to 
a positive vs. negative decision but rather necessitates quantification, even labs that had 
participated in external quality assurance programs for Ki67 prior to our study did not show 
improved reproducibility. Another important finding is that the high variability between the 
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labs could not be attributed to the use of different Ki67 antibody clones but rather reflects 
lab-specific analytic performance under the given preanalytic conditions.

In conclusion, our data indicate that a uniform Ki67 cut-off for all labs to define low and 
high proliferation will result in substantially diverging therapeutic recommendations for 
the same patient and that clinical use of the Ki67-LI for decisions for or against cytotoxic 
treatment should be only considered with great caution.

Studies on preanalytic factors have already highlighted the influence of prolonged or poor 
fixation on Ki67 staining results [27, 28]. However, with regard to our data reported in 
Chapter 5, future studies should focus on the effect of different preanalytic conditions on 
Ki67 staining reproducibility among pathology labs.

Another issue that has not yet been studied is the influence of chromogen selection on 
intra- and interrater reproducibility. To date, labs select chromogens due to a preference for 
a specific colour, but there is no data available whether chromogens may impact the ability 
of observers to recognise and include different staining intensities into the final quantitative 
interpretation of the Ki67-LI.

PHH3 has been favoured by many studies for proliferation assessment in breast cancer 
[29-32], but reliability of the stain among labs and quantitative assessment results among 
observers still has to be verified. It has been suggested to support mitotic count with PHH3 
in the Nottingham Grading System for breast cancer differentiation [23, 33] and other 
tumour entities [25, 26, 34]. Since significantly more mitotic figures are usually found with 
PHH3 than in conventional H&E slides, the given cut-points for mitotic scores in grade have 
to be re-evaluated for PHH3 to assure that the prognostic information is adequate and the 
use of PHH3 does not result in an increase of false positive high grade cancers.

Of special interest would be the interobserver reproducibility of PHH3-assisted mitotic 
count in oestrogen receptor positive and HER2 negative grade 2 cancers of no special type, a 
subgroup for which often additional information in proliferative activity is required to guide 
therapeutic decisions. A web-based calibration tool for mitotic figure recognition in H&E 
and PHH3 would also be of great value to improve interrater concordance.

Future studies should focus on establishing PHH3 and/or Mitotic Activity Index specific cut-
points for prognostication to define the St Gallen luminal A- and B-like cancers as alternative 
measures of proliferation, to compare these MAI or PHH3-Index based luminal A and B 
tumours to molecular subtypes (e.g. PAM50) or to implement PHH3 and/or the Mitotic 
Activity Index into a prognostic multivariate model for risk of recurrence like in the IHC4 
score [35].
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Nederlandse Samenvatting

De proliferatie- oftewel groeisnelheid, is een belangrijke maat voor de agressiviteit van 
borstkanker en heeft een grote invloed op de beslissing om wel of geen chemotherapiete 
geven. Terwijl patiënten met laag-proliferatieve tumoren in het algemeen geen baat hebben 
bij chemotherapie, hebben patiënten bij wie de tumor een sterke proliferatie activiteit laat 
zien vaak een meer agressieve behandeling nodig. Daarom bevelen internationale richtlijnen 
bij tot 75% van alle borstkankerpatiënten een proliferatiemeting van de tumor aan voor 
een individueel behandelingsplan. Bij het meten van de proliferatie hebben pathologen de 
histologische differentiatiegraad, het aantal mitosen of immunohistochemische kleuringen 
zoals PHH3 en Ki67 nodig. 

Indicatoren van proliferatieve activiteit: mitosen, PHH3 en Ki67
Om te kunnen groeien, kopieren cellen in goed- of kwaadaardige weefsels hun DNA, het 
erfelijke materiaal, en dragen het gedupliceerde deel over aan de dochtercel. Dit proces 
van celdeling wordt mitose genoemd. Het aantal mitosen in een tumor is derhalve een 
maatstaf voor zijn proliferatieve activiteit, en is het belangrijkste bestanddeel van de 
door de patholoog vastgestelde histologische differentiatiegraad van de tumor, die grote 
betekenis heeft voor de prognose van de patiënt en beslissingen over verdere therapie. 
Mitosen kunnen in normale weefselcoupes onder de microscoop geïdentificeerd worden, 
maar dit vereist oefening en hoge concentratie. Pathologen ervaren de zoektocht naar 
mitosen derhalve vaak als tijdrovend en lastig en gebruiken in plaats daarvan soms liever 
immunohistochemische kleuringen voor eiwitten die met celdeling geassocieerd zijn.

Bij een immunohistochemische kleuring worden specifieke cellulaire kenmerken van een 
tumor zichtbaar gemaakt met specifieke antilichamen, voorzien van een kleurstof, tegen 
cellulaire eiwitten. Is het gewenste eiwit (bijv. PHH3 of Ki67) in de cel aanwezig, dan hechten 
de antilichamen hieraan en kleuren de cel. Is het eiwit in de cel niet aanwezig, dan blijft de 
cel ongekleurd. 

PHH3 is een antilichaam tegen een eiwit dat vooral in mitotische cellen aanwezig is. 
Aangezien mitosen doorgaans onregelmatig verspreid in het tumorweefsel te vinden zijn, 
kan PHH3 helpen de gebieden met de hoogste activiteit te identificeren en bij de telling 
geen mitosen over het hoofd te zien. 

Een andere mogelijkheid om proliferatieve ‘actieve’ cellen van een tumor vast te stellen is 
de immunohistochemische kleuring van weefsels met antilichamen tegen Ki67. Ki67 komt 
niet alleen in cellen voor tijdens mitose, maar ook tijdens de voorbereiding op celdeling. 
Ki67 laat derhalve zien hoeveel cellen potentieel in staat zouden zijn om zich in de nabije 
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toekomst te delen. Of deze cellen echter daadwerkelijk gaan delen is echter niet eenduidig 
vast te stellen. Alhoewel Ki67 een van de meest gebruikte indicatoren voor het meten van 
proliferatieve activiteit is, bestaan er tot op heden nog geen uniforme meetprotocollen, 
zodat het gebruik ervan voor het nemen van klinische beslissingen omstreden is. 

Doelstellingen van dit proefschrift
In dit proefschrift bespreken we voornamelijk Ki67, maar ook alternatieve proliferatie-
indicatoren zoals histologische differentiatiegraad en mitotische activiteit komen aan bod, 
vooral met ondersteuning door de immunohistochemische indicator PHH3. 

We onderzochten de invloed van verschillende op Ki67 gebaseerde proliferatie-
meetmethoden op het uiteindelijke meetresultaat van borstkankerweefsel en op de daaruit 
resulterende behandelingsaanbeveling voor de patiënt in hoofdstuk 2.

Omdat de groeisnelheid van een tumor niet overal even snel is, waren we geïnteresseerd 
in hoe sterk binnen een tumor de Ki67-metingen kunnen verschillen en bescrhijven dit in 
hoofdstuk 3. 

Aangezien het bij dit fenomeen ook ertoe kan leiden dat het gebied met de hoogste 
proliferatie zich bij een steekproef niet in een kleine biopsie van de tumor bevindt (zgn. 
steekproeffout) die normaal gesproken wordt genomen voor initiele diagnostiek, hebben 
we geanalyseerd of de steekproeffout in biopten voor Ki67-waarden en differentiatiegraad 
afhankelijk is van de hoeveelheid beschikbaar biopsiemateriaal in hoofdstuk 4 en 6.

In samenwerking met 30 Europese pathologie-instituten onderzochten we de zogenaamde 
interlaboratorium variabiliteit van Ki67-kleuringen. We hebben dus onderzocht of bij 
verschillende pathologielaboratoria in een tumor hetzelfde aantal cellen prolifererend 
kleuren, als ze hun gebruikelijke Ki67-immunohistochemie gebruiken (hoofdstuk 5). 

Tenslotte wilden we weten hoe betrouwbaar vier verkrijgbare immunohistochemische 
PHH3-antilichamen daadwerkelijk zijn voor het identificeren van mitosen in tumorweefsel 
(hoofdstuk 7).

Een verdere belangrijke stap naar het standaardiseren van de op Ki67 gebaseerde 
proliferatiemeting is het analyseren en documenteren van meetverschillen tussen twee 
of meer onderzoekers bij één en hetzelfde weefsel (zgn. inter-observeerder variabiliteit). 
Derhalve namen we deel aan een internationale studie over inter-observer variabiliteit van 
een gestandaardiseerde Ki67-meetmethode (bijlage).
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Resultaten
In ons onderzoek in hoofdstuk 2 werd aangetoond dat het niveau van de gemeten Ki67-
waarden bij één en dezelfde tumor afhankelijk van de gekozen meetmethode sterk kan 
variëren. Als men een momenteel door deskundigen aanbevolen grenswaarde voor Ki67 
gebruikt om onderscheid te maken tussen lage en hoge proliferatie, dan varieerde in 
onze studie, afhankelijk van de gebruikte methode, het percentage tumoren dat als laag-
proliferatief beschouwd werd tussen de 13% en 44%. Vooral het aantal onderzochte cellen 
en de ligging van het onderzochte gebied binnen een tumor hadden een invloed op de 
uiteindelijke Ki67-meetwaarde. Hoe meer cellen werden opgenomen in de evaluatie, hoe 
lager de Ki67-waarden waren; als alleen gebieden op de grens tussen tumor- en normaal 
weefsel voor metingen in aanmerking kwamen, dan waren de Ki67-waarden beduidend 
hoger dan wanneer delen van het gebied van het tumorcentrum meegenomen waren. Onze 
resultaten onderstrepen dan ook het belang van algemeen aanvaarde en gestandaardiseerde 
methoden voor de meting van Ki67-waarden. 

In hoofdstuk 3 onderzochten we de oorzaak van de verschillende Ki67-meetwaarden in één 
en dezelfde tumor. Het bleek dat de proliferatie snelheid in een tumor niet overal hetzelfde 
niveau heeft, en dat hierbij cellen in verschillende delen van de tumor met verschillende 
snelheden kunnen delen. Hierbij waren de Ki67-waarden in het centrum van de tumor 
over het algemeen veel lager dan op de grens met het gezond weefsel, de zogenaamde 
groei-zone. De verschillen in proliferatieve activiteit binnen een tumor waren zelfs groter 
dan tussen verschillende tumoren. Dit fenomeen liet zich in alle subtypes van borstkanker 
en differentiatiegraden zien. Zoals in hoofdstuk 2 is gerapporteerd, verduidelijken onze 
resultaten de noodzaak van een meetstandaard voor Ki67 om internationaal vergelijkbare 
statistieken te verkrijgen en uniforme grenswaarden voor therapiebeslissingen te 
ontwikkelen.

In hoofdstuk 4 en 6 onderzochten we of het niveau van de proliferatiemetingen afhankelijk 
is van de hoeveelheid biopsie materiaal die voor het onderzoek beschikbaar is. In feite was 
het deel van de tumor met de hoogste proliferatie waardes in vaak niet in de geanalyseerde 
biopsie monsters aanwezig. Dit leidde tot een steekproeffout met lagere proliferatiewaarden 
in de biopsieën dan in het uiteindelijke post-operatieve onderzoek, waarbij de gehele tumor 
kan worden onderzocht. Interessant was het dat het percentage steekproeffouten met 
een te laag ingeschatte histologische differentiegraad in de biopsie afnam met een grotere 
hoeveelheid biopsiemateriaal (van 34% tot 17%); voor Ki67-meetwaarden bleef deze echter 
constant op 25%, onafhankelijk van de onderzochte hoeveelheid biopsie weefsel. 

Ook laboratorium-specifieke kleurprotocollen van het tumorweefsel hadden in ons onderzoek 
een grote invloed op de gemeten Ki67-waarde. Zo bleek in hoofdstuk 5 dat de gemiddelde 
Ki67-waarde van dezelfde 70 borstkankermonsters onder de 30 deelnemende laboratoria 
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van schommelde tussen 0.65% en 33%. Dit zou in de praktijk betekenen dat het aandeel 
patiënten dat chemotherapie krijgt aanbevolen op grond van een hoge Ki67-meetwaarde 
afhankelijk van het laboratorium varieert tussen de 43% en 83%. Onze resultaten geven aan 
dat er meer moeite moeten worden gedaan om niet alleen de metingsprotocollen, maar 
ook de immunohistochemische Ki67-kleuring wereldwijd te standaardiseren voordat Ki67-
meetwaarden voor therapiebeslissingen gebruikt kunnen worden.

De vier door ons in hoofdstuk 7 onderzochte PHH3-antilichamen die worden aanbevolen 
voor aankleuren van mitosen in tumoren bleken uiteenlopend betrouwbaar: twee van 
de PHH3-antilichamen kleurden respectievelijk slechts 54% en 87% van de mitosen aan. 
Eén van deze antilichamen kleurde bovendien ongewoon veel cellen die zich niet in deling 
bevonden (68% nauwkeurigheid van kleuring). De andere twee antilichamen identificeerden 
mitosen wel op betrouwbare wijze (beide 99% nauwkeurigheid) en kleurden slechts een 
gering percentage van de cellen die zich niet in mitose bevonden (respectievelijk 99% 
nauwkeurigheid). Pathologie laboratoria moeten daarom de betrouwbaarheid van het 
PHH3-antilichaam dat hun voorkeur heeft goed testen in tumorweefsel rijk aan mitosen 
voordat ze PHH3 routinematig bij proliferatiemetingen gebruiken.

Conclusies
In de onderzoeken van dit proefschrift is aangetoond, dat de gemeten Ki67-waarden bij 
één en dezelfde tumor sterk kunnen verschillen afhankelijk van verschillende laboratoria 
en meetmethoden. Een belangrijke reden voor de verschillende metingen was dat de 
proliferatie niet overal in een tumor hetzelfde niveau heeft, omdat cellen in verschillende 
gebieden van de tumor zich met verschillende snelheden delen. De hoogte van de meting 
is dus ook afhankelijk van de hoeveelheid materiaal die voor het onderzoek beschikbaar is 
gesteld en de representativiteit van het gebied van de tumor dat wordt onderzocht. Maar 
ook laboratorium-specifieke kleur protocollen hadden in onze onderzoeken een invloed op 
de gemeten proliferatiewaarde. Ki67 gebaseerde proliferatie-meetwaarden moeten daarom 
altijd in de context van de laboratorium-specifieke referentiewaarden geplaatst worden.

Samenvattend leveren onze resultaten een bijdrage tot een beter begrip van de op Ki67 
gebaseerde proliferatiemeting bij borstkanker en kunnen ze worden gebruikt voor een 
ontwikkeling van een  internationaal erkende standaard.
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Deutsche Zusammenfassung

Proliferation, die Wachstumsgeschwindigkeit, ist ein wichtiges Maß für die Aggressivität 
eines Brustkrebses und hat großen Einfluss auf die Entscheidung für oder gegen eine 
Chemotherapie.  Während Patientinnen mit niedrig proliferierenden Tumoren in der 
Regel nicht von einer Chemotherapie profitieren, benötigen Patientinnen, deren Tumor 
eine starke proliferative Aktivität zeigt, häufig eine aggressivere Behandlung. Deshalb 
empfehlen internationale Leitlinien bei bis zu 75% aller Brustkrebspatientinnen eine 
Proliferationsmessung am Tumor zur individuellen Therapieplanung. Zur Messung der 
Proliferation nutzen Pathologen dabei den histologischen Differenzierungsgrad, die Anzahl 
der Mitosen oder immunhistochemische Färbungen wie PHH3 und Ki67. 

Marker für proliferative Aktivität: Mitosen, PHH3 und Ki67
Damit gut- und bösartiges Gewebe wachsen kann, kopiert eine Zelle ihr Erbgut vollständig 
und überträgt den duplizierten Teil dann in eine neu entstehende Tochterzelle. Diesen 
Vorgang der Zellteilung nennt man Mitose. Die Anzahl der Mitosen in einem Tumor ist 
deshalb ein Maß für seine proliferative Aktivität und ein Bestandteil des vom Pathologen 
erhobenen histologischen Differenzierungsgrads eines Tumors, der für die Prognose der 
Patientin und für therapeutische Entscheidungen große Bedeutung hat. Mitosen können in 
normalen Gewebeschnitten mit dem Mikroskop identifiziert werden, dies erfordert jedoch 
Übung und hohe Konzentration. Einige Pathologen empfinden die Suche nach Mitosen 
deshalb als zeitraubend und unbequem und nutzen stattdessen immunhistochemische 
Färbungen von Eiweißen, die mit der Zellteilung assoziiert sind.

Bei einer immunhistochemischen Färbung werden die spezifischen zellulären Eigenschaften 
eines Tumors zur Diagnostik genutzt. Hierbei werden spezielle, mit einem Farbstoff 
versehene Antikörper gegen bestimmte Zell-Eiweiße verwendet. Ist das gesuchte Eiweiß 
(z.B. PHH3 oder Ki67) in der Zelle vorhanden, bleibt der Antikörper haften und färbt die Zelle 
an, ist das Eiweiß in der Zelle nicht vorhanden, bleibt die Zelle ungefärbt. 

PHH3 ist ein immunhistochemischer Antikörper, der speziell Mitosen anfärbt. Da Mitosen in 
der Regel im Tumorgebe unregelmäßig verstreut zu finden sind, kann PHH3 helfen die Areale 
mit der höchsten Aktivität zu identifizieren und bei der Zählung keine Mitose zu übersehen. 

Eine weitere Möglichkeit proliferierende, „aktive“ Zellen eines Tumors darzustellen ist die 
immunhistochemische Färbung des Gewebes mit Antikörper gegen Ki67.  Ki67 kommt in 
Zellen nicht nur während der Mitose, sondern auch während der Vorbereitung auf die 
Zellteilung vor. Während bei der Mitose die Zellteilung also unmittelbar stattfindet, zeigt 
Ki67 an, wie viele Zellen potentiell in der Lage wären, sich in nächster Zeit zu teilen.  Ob 
diese Zellen sich dann tatsächlich teilen werden, ist allerdings nicht eindeutig erkennbar, da 
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der Zellstoffwechsel bei Tumorzellen gestört sein kann und deshalb anders ablaufen kann 
als bei gesunden Zellen. 

Obwohl Ki67 einer der am häufigsten verwendeten Marker zur Messung proliferativer 
Aktivität ist, existieren bis heute keine einheitlichen Messstandards, weshalb seine 
Verwendung für klinische Entscheidungen umstritten ist. 

Ziele der These
In dieser These beschäftigten wir uns vor allem mit Ki67, aber auch mit alternativen 
Proliferationsmarkern wie dem histologischen Differenzierungsgrad und der mitotischen 
Aktivität, insbesondere mit visueller Unterstützung durch den immunhistochemischen 
Marker PHH3. 

Wir untersuchten den Einfluss verschiedener Ki67-basierter Proliferationsmessmethoden 
auf das endgültige Messergebnis an Brustkrebsgewebe und auf die daraus für die Patientin 
resultierende Therapieempfehlung (Kapitel 2).

Weil die Wachstumsgeschwindigkeit eines Tumors nicht überall gleich schnell ist, 
interessierte uns, wie stark sich Ki67-Messwerte innerhalb eines Tumors unterscheiden 
können (Kapitel 3). 

Da dieses Phänomen auch dazu führen kann, dass bei einer Probenentnahme (Biopsie) das 
Areal mit der höchsten Proliferation nicht in der Biopsie enthalten ist (sog. Stichprobenfehler), 
analysierten wir, ob der Stichprobenfehler für Ki67-Werte und Differenzierungsgrad von der 
Menge des zur Verfügung stehenden Biopsiematerials abhängig ist (Kapitel 4 und 6).

In einer Kooperation mit 30 europäischen Pathologie-Instituten untersuchten wir dann 
die so genannte Interlabor-Variabilität von Ki67-Färbungen. D.h. wir überprüften, ob 
unterschiedliche Pathologie-Labore in einem Tumor gleich viele Zellen als proliferierend 
anfärben, wenn sie ihre übliche Ki67-Immunohistochemie verwenden (Kapitel 5). 

Schließlich wollten wir wissen, wie zuverlässig vier im Handel erhältliche immunhistochemische 
PHH3-Antikörper tatsächlich halfen, Mitosen im Tumorgewebe zu identifizieren (Kapitel 7).

Ein weiterer wichtiger Schritt zur Standardisierung der Ki67-basierten Proliferationsmessung 
ist die Analyse und Dokumentation der Messunterschiede zwischen zwei oder mehreren 
Untersuchern an ein und demselben Gewebe (sog. Interobserver-Variabilität). Deshalb 
nahmen wir an einer internationalen Studie zur Interobserver-Variabilität einer 
standardisierten Ki67-Messmethode teil (Addendum).



136 ADDENDUM

Ergebnisse
In unseren Untersuchungen in Kapitel 2 zeigte sich, dass sich die Höhe der gemessenen 
Ki67-Werte an ein und demselben Tumor in Abhängigkeit von der gewählten Messmethode 
stark unterscheiden kann. Verwendet man einen zurzeit von Experten empfohlenen 
Grenzwert für Ki67, um zwischen niedriger und hoher Proliferation zu unterscheiden, 
variierte in unserer Studie der Prozentsatz von Tumoren, die als niedrig proliferierend 
eingeschätzt wurden, in Abhängigkeit von der verwendeten Methode zwischen 13% und 
44%. Insbesondere die Anzahl der untersuchten Zellen und die Lage der untersuchten 
Areale innerhalb eines Tumors hatten Einfluss auf den endgültigen Ki67-Messwert. Je mehr 
Zellen in die Auswertung einbezogen wurden, desto niedriger wurden die Ki67-Werte; 
wurden ausschließlich Areale an der Grenze zwischen Tumor- und Normalgewebe für die 
Messung berücksichtigt, waren die Ki67-Werte deutlich höher als wenn auch Areale des 
Tumorzentrums miteinbezogen wurden. Unsere Ergebnisse unterstreichen somit die 
Wichtigkeit eines allgemein akzeptierten Standards zur Messung von Ki67-Werten. 

In Kapitel 3 untersuchten wir den Grund für die unterschiedlichen Ki67-Messwerte in ein 
und demselben Tumor. Es zeigte sich, dass die Proliferation in einem Tumor nicht überall 
gleich hoch ist, sondern sich Zellen in verschiedenen Abschnitten unterschiedlich schnell 
teilen. Dabei waren die Ki67-Werte im Tumorzentrum in der Regel deutlich niedriger als an 
der Grenze zum gesunden Gewebe, der so genannten Wachstumszone. Die Unterschiede 
in der proliferativen Aktivität innerhalb eines Tumors waren sogar größer als zwischen 
verschiedenen Tumoren. Dieses Phänomen zeigte sich in allen Brustkrebs-Subtypen und 
Differenzierungsgraden. Wie auch in Kapitel 2 berichtet, verdeutlichen unsere Ergebnisse die 
Notwendigkeit eines Mess-Standards für Ki67, um international vergleichbare Messwerte 
zu erhalten und einheitliche Grenzwerte für Therapieentscheidungen zu entwickeln.

In Kapitel 4 und 6 untersuchten wir, ob die Höhe der Proliferations-Messwerte von der 
Materialmenge abhängig ist, die für die Untersuchung zur Verfügung steht. Tatsächlich war 
der Anteil des Tumors mit der höchsten Proliferation in minimal-invasiven Biopsien häufig 
nicht in den untersuchten Proben enthalten. Dies führte zu einem Stichprobenfehler mit 
niedrigeren Proliferationswerten in den Biopsien als am endgültigen Operationspräparat, 
an dem der gesamte Tumor untersucht werden kann. Interessanterweise konnte der 
Prozentsatz der Stichprobenfehler mit einem zu niedrig eingeschätztem histologischen 
Differenzierungsgrad in der minimal-invasiven Biopsie mit einer größeren Biopsie-
Materialmenge gesenkt werden (von 34% auf 17%); für Ki67-Messwerte blieb er jedoch 
unabhängig von der biopsierten Gewebemenge konstant bei 25%. 

Auch laborspezifische Protokolle bei der Aufarbeitung des Tumorgewebes hatten in unseren 
Untersuchungen einen großen Einfluss auf den gemessenen Ki67-Wert. So zeigte sich in 
unseren Untersuchungen in Kapitel 5, dass der Ki67-Mittelwert von 70 Brustkrebsproben 
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unter den 30 teilnehmenden Laboren von 0.65% bis 33% schwankte. Dies würde in der Praxis 
dazu führen, dass der Anteil von Patientinnen, die aufgrund eines hohen Ki67-Messwertes 
eine Empfehlung für eine Chemotherapie bekommen würden, laborabhängig zwischen 
43% und 83% variiert. Unsere Ergebnisse machen deutlich, dass weitere Anstrengungen 
unternommen werden müssen, um nicht nur die Messungsprotokolle, sondern auch die 
immunhistochemische Ki67-Färbung weltweit zu standardisieren bevor Ki67-Messwerte für 
Therapieentscheidungen genutzt werden können.

Die vier von uns in Kapitel 7 untersuchten PHH3-Antikörper färbten Mitosen in stark 
proliferierenden Tumoren unterschiedlich zuverlässig: zwei der PHH3-Antikörper färbten 
nur 54% bzw. 87% aller Mitosen. Einer dieser Antikörper färbte zusätzlich ungewöhnlich 
viele Zellen, die sich nicht in Teilung befanden (68% Spezifität der Färbung). Die beiden 
übrigen Antikörper identifizierten Mitosen zuverlässig (jeweils 99% Sensitivität) und färbten 
nur in einem geringen Prozentsatz Zellen, die sich nicht in der Mitose befanden (jeweils 99% 
Spezifität). Pathologie-Labore sollten daher den von ihnen favorisierten PHH3-Antikörper an 
mitosereichem Tumorgewebe auf seine Zuverlässigkeit testen bevor sie PHH3 in der Routine 
zur Proliferationsmessung einsetzen.

Schlussfolgerungen
In den Untersuchungen dieser These zeigte sich, dass die gemessenen Ki67-Werte an 
ein und demselben Tumor zwischen verschiedenen Laboren und Messmethoden sehr 
unterschiedlich sein können. Ein wichtiger Grund für die unterschiedlichen Messwerte war, 
dass die Proliferation in einem Tumor nicht überall gleich hoch ist, sondern die Zellen sich 
in verschiedenen Abschnitten unterschiedlich schnell teilen. Die Höhe der Messwerte ist 
deshalb auch abhängig von der Materialmenge, die für die Untersuchung zur Verfügung steht 
und dem Bereich des Tumors, der untersucht wird. Aber auch laborspezifische Protokolle bei 
der Aufarbeitung des Tumorgewebes hatten in unseren Untersuchungen einen Einfluss auf 
den gemessenen Proliferationswert. Insbesondere Ki67-basierte Proliferationsmesswerte 
sollten daher stets im Kontext der laborspezifischen Referenzwerte interpretiert werden.

Zusammenfassend leisten unsere Ergebnisse einen Beitrag zum besseren Verständnis der 
Ki67-basierten Proliferationsmessung bei Brustkrebs und können zur Entwicklung eines 
international anerkannten Standards genutzt werden.
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Fähigkeiten und eurem Engagement für die Pathologie, etwas das man in meinem Land in 
dieser Form nur selten findet. Vor allem habe ich die offene und direkte Art sehr genossen, 
mit der alles auf den Punkt diskutiert werden kann und soll. Es ist also keine Übertreibung, 
dass “the Dutch Way” immer einen Einfluss auf mich und mein Arbeitsleben haben wird.
Vielen Dank, dass ich Gast in eurem Institut sein durfte und dass ihr mir verziehen habt, dass 
ich eher ongezellig bin!

Es heißt Glück, das einem von anderen aufgenötigt wird, ist am beständigsten
Meine lieben Kollegen aus dem Institut für Pathologie Neubrandenburg, der Heimat der 
Tapferen!
Zuallererst möchte ich mich bei euch, den Pathologen bedanken. Ich weiß, die Zeit während 
meiner einjährigen Abwesenheit war nicht einfach für euch. Trotzdem habt Ihr alle mich 
schon seit 2009 unterstützt, jeder von euch auf seine eigene Art.
Deshalb geht mein ganz besonderer Dank an Dich, Myroslav Androshchuk, weil Du mich zu 
Ukrainischen Barbecues eingeladen hast, wo man das Fleisch in Lokomotiven grillt; an Dich, 
Constanze Eßbach, weil Du mich Admiral nennst; an Dich, Kai Finsterbusch, weil Du - obwohl 
Du meist versucht die Leute vom Gegenteil zu überzeugen - ein außerordentlich lustiger 
Mensch bist; an Dich, Doreen Gläser, weil Du jedes Gespräch mit “Punkt! Weiter!” beendest; 
an Dich, Carsten Kietzmann, weil Du mir mit Deinem speziellen schwarzen Humor immer 
wieder den Tag rettest; an Dich, Cornelia König, weil Du mir ein Lichtschwert geschenkt hast, 
damit die Macht mit mir sei; an Dich, Irina Kostyuchek, weil Du über meine dummen Witze 
lachst; an Dich, Casmir Mbalisike, weil Du mir erzählt hast, warum Du Nigeria verlassen 
hast; an Dich, Hanka Schicktanz, weil Du mindestens genauso viele Ausreden findest nicht 
zweimal die Woche acht Kilometer zu laufen wie ich; an Dich, Anastasia Schuster, weil Du 
wirklich tatsächlich und ohne Witz Bremen magst; an Dich, Peter Schwabbauer, weil Du 
mich in das Serviettenfalten für Fortgeschrittene eingeführt hast; und an Dich, Björn Will, 
weil Du mich immer genau dann verblüffst, wenn ich es am wenigsten erwarte. Danke. Ihr 
macht aus NB the place to be.
Ich möchte mich auch bei unseren MTAs bedanken, die Hunderte von Schnitten aus dem 
Archiv gesucht, sie unermüdlich gescannt und eine komplette neue Serie für mich angefertigt 
haben; und den Sekretärinnen, die während meiner sporadischen Besuche zuhause Termine 
für mich organisiert haben. Vielen Dank an Sie, Katrin Ansorge, Dana Balóg, Katja Frarke, 
Kristina Geißler, Sabrina Gerbatsch, Marion Gerstenberg, Dana Glaser, John Gutschmidt, 
Paula Haase, Maria Henning, Elke Ihlow, Dana Köster, Daniel Krenz, Stefanie Müller, 
Wolfgang Nörenberg, Elke Rammin, Peter Raschpichler, Marion Reinke, Brigitte Römisch, 
Petra Runge-Brandt, Nadine Schmidt, Cornelia Schulz, Sarah Schulz, Kristina Schwanke, 
Gulsina Smitkiewicz, Beatrix Stallbaum, Mario Stegemann, Anne Weber, Harriet Weidisch, 
Heidrun Zeuner, und Andrea Zimmermann für Ihr Engagement und Ihre tolle Arbeit!



ADDENDUM 145

A

Geld kann man immer auftreiben, wenn man es braucht, aber ein guter Mann ist nicht so 
leicht zu bekommen
Liebe Moniek, liebe Sietske, liebe Shoko! Ich hatte eine tolle Zeit mich euch in einem Zimmer, 
in das jeder von Zeit zu Zeit hereinschleicht, um etwas aus der Keksdose zu stibitzen. Obwohl 
wir sehr viel zu tun hatten, werden wir in meinen Erinnerungen für immer den ganzen Tag 
Rockmusik hören und über lustige Gemeinsamkeiten und seltsame Unterschiede zwischen 
den Niederländern und den Deutschen lachen. Ich vermisse euch jetzt schon, und ihr seid in 
Neubrandenburg immer willkommen!
Mein Dank geht auch an Willy van Bragt, die mir half eine Unterkunft zu finden, mir jede 
noch so dumme Frage beantwortet hat (sogar in ihrem Urlaub!) und der es immer gelungen 
ist, noch in derselben Woche einen Termin mit Paul zu organisieren; an Cathy Moelans, die 
an meinem ersten Tag in Utrecht alles für mich arrangierte und mir half mich ein wenig in 
diesem großen Institut zurecht zu finden; und an Nikolas Stathonikos, der mindestens 5 TB 
virtuelle Schnitte für mich robokopiert hat und es schaffte ein ernstes Gesicht zu machen, 
als ich ihm erklärte, dass das ganze UMC Netzwerk inklusive Elektrik durchgebrannt ist, weil 
ich eine Datei mit komischem Namen auf meinem Desktop PC gelöscht habe.
Liebe Kim! Auch wenn ich nun seit ein paar Jahren um den Globus reise, hätte ich ohne 
Dich wahrscheinlich überhaupt nichts gesehen. Wo auch immer Du gerade bist � durch 
Deinen (mir) geradezu unheimlichen Orientierungssinn führst Du jeden überall wie eine 
Einheimische. Danke für all die gute Zeit, die wir zusammen verbracht haben! Und nebenbei: 
ich kann mir keine Person vorstellen mit der ich lieber an der Bar sitzen würde, wenn wir Mal 
wieder darauf warten, dass Thomas noch diese eine letzte E-Mail fertigschreibt 

Wer Schmerz nicht aushalten kann, liegt in allem falsch.
Meine lieben Magdeburg-Veteranen Lilian und Edouard! Ich höre immer noch den Rat 
des Professors an unserem ersten Tag an der Universität: dass wir uns mit niemandem 
anfreunden sollten, weil jeder jederzeit rausfliegen könnte; dass wir unsere Zeit nicht 
damit verschwenden sollten, fachfremde Literatur oder Zeitungen zu lesen; und dass jedes 
auffällige Verhalten und jede Insubordination in unserer Akte vermerkt werden würde. Nun  
ich würde sagen: das ist für den Professor in unserem Fall ziemlich dumm gelaufen! Edou 
und Lili, unsere Freundschaft hat mir geholfen allen Widrigkeiten des Studentenlebens zu 
trotzen und vor allem: mir selbst treu zu bleiben. Und obwohl unsere Verpflichtungen eine 
gewisse zeitliche und räumliche Unordnung in unsere Beziehung gebracht haben, zähle ich 
euch noch immer zu meinen besten Freunden.

Ein Mann, der aufgibt, wenn er in Schwierigkeiten ist, ist wertlos.
Liebe Maria, auch wenn unsere ehemaligen Spitznamen Kirk und Spock mehr die Gegensätze 
in unseren Persönlichkeiten betonen, haben genau diese Gegensätze unsere Freundschaft 
immer bereichert. Von Dir habe ich gelernt, dass Niemals Aufgeben nicht bedeutet, dass 
man mit dem Schiff untergehen soll; es bedeutet, dass man rechtzeitig aufhören sollte, ein 
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totes Pferd zu reiten. Und wenn die Planken knirschen und Masten zersplittern, dann denke 
ich an Dich, und das macht mir Mut. Wenn das Schiff sinkt, nehme ich eben das U-Boot; 
wenn das U-Boot keinen Treibstoff mehr hat, nehme ich das Rettungsboot; und wenn das 
Rettungsboot Leck schlägt, kann ich immer noch die Haie wegtreten und zu einer der vielen 
unerforschten Inseln im weiten Meer schwimmen, und wer weiß? Vielleicht finde ich noch 
einen vergrabenen Schatz, eine vergessene Zivilisation oder eine unbekannte Dinosaurierart 
auf dem Weg 

Ein Nachkomme sollte danach streben das Gute seiner Ahnen zu verkörpern und nicht 
das Schlechte
Liebe Familie! Buten un binnen – wagen un winnen, das ist seit jeher das Motto der Bremer 
Kaufleute. Aber auch der tollkühnste Seefahrer braucht einen sicheren Heimathafen, an 
dem er sich von seinen Abenteuern ausruhen kann. Und welcher Ort wäre besser geeignet 
als Mamas Küche oder der Tresen des AHOI? Ihr habt mich immer bedingungslos unterstützt 
und in jeder Situation einen sturen Optimismus bewahrt. Doch nicht nur die Bremer 
Unternehmungslust hat mir auf meinem Weg geholfen. Während meiner wissenschaftlichen 
Arbeit habe ich mich oft wie ein Bergmann gefühlt, der täglich unter Tage fährt, um in 
dunklen Tunneln nach Schätzen graben und mutig voranzuschreiten, wo Engel furchtsam 
weichen 
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Pathological analysis of the nuclear proliferation biomarker Ki67 has multiple potential roles in breast and other cancers. However,
clinical utility of the immunohistochemical (IHC) assay for Ki67 immunohistochemistry has been hampered by unacceptable
between-laboratory analytical variability. The International Ki67 Working Group has conducted a series of studies aiming to
decrease this variability and improve the evaluation of Ki67. This study tries to assess whether acceptable performance can be
achieved on prestained core-cut biopsies using a standardized scoring method. Sections from 30 primary ER+ breast cancer core
biopsies were centrally stained for Ki67 and circulated among 22 laboratories in 11 countries. Each laboratory scored Ki67 using
three methods: (1) global (4 fields of 100 cells each); (2) weighted global (same as global but weighted by estimated percentages of
total area); and (3) hot-spot (single field of 500 cells). The intraclass correlation coefficient (ICC), a measure of interlaboratory
agreement, for the unweighted global method (0.87; 95% credible interval (CI): 0.81–0.93) met the prespecified success criterion for
scoring reproducibility, whereas that for the weighted global (0.87; 95% CI: 0.7999–0.93) and hot-spot methods (0.84; 95% CI: 0.77–
0.92) marginally failed to do so. The unweighted global assessment of Ki67 IHC analysis on core biopsies met the prespecified
criterion of success for scoring reproducibility. A few cases still showed large scoring discrepancies. Establishment of external
quality assessment schemes is likely to improve the agreement between laboratories further. Additional evaluations are needed to
assess staining variability and clinical validity in appropriate cohorts of samples.
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INTRODUCTION
Assessment of the nuclear proliferation biomarker Ki67 has
multiple potential roles in breast and other cancers,1,2 either in
standard clinical practice as a prognostic3–11 and predictive5,7,10,12

marker or in clinical trials as an eligibility criterion or as a primary
end point in early-phase neoadjuvant studies.10 Perhaps the most
critical use for standard clinical care would be to determine
prognosis in the context of other factors, such as nodal status,

tumor size, and estrogen receptor, progesterone receptor, and
HER2 status. Although gene expression multiparameter molecular
assays have gained widespread use in the United States and other
countries, these assays may not be an option in many
clinical settings owing to availability or economic considerations.
Therefore, the Ki67 immunohistochemistry assay might offer a
cost-effective alternative.13–15 The 2015 St Gallen consensus panel
stated that the majority of new breast cancer cases and breast
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Pathological analysis of the nuclear proliferation biomarker Ki67 has multiple potential roles in breast and other cancers. However,
clinical utility of the immunohistochemical (IHC) assay for Ki67 immunohistochemistry has been hampered by unacceptable
between-laboratory analytical variability. The International Ki67 Working Group has conducted a series of studies aiming to
decrease this variability and improve the evaluation of Ki67. This study tries to assess whether acceptable performance can be
achieved on prestained core-cut biopsies using a standardized scoring method. Sections from 30 primary ER+ breast cancer core
biopsies were centrally stained for Ki67 and circulated among 22 laboratories in 11 countries. Each laboratory scored Ki67 using
three methods: (1) global (4 fields of 100 cells each); (2) weighted global (same as global but weighted by estimated percentages of
total area); and (3) hot-spot (single field of 500 cells). The intraclass correlation coefficient (ICC), a measure of interlaboratory
agreement, for the unweighted global method (0.87; 95% credible interval (CI): 0.81–0.93) met the prespecified success criterion for
scoring reproducibility, whereas that for the weighted global (0.87; 95% CI: 0.7999–0.93) and hot-spot methods (0.84; 95% CI: 0.77–
0.92) marginally failed to do so. The unweighted global assessment of Ki67 IHC analysis on core biopsies met the prespecified
criterion of success for scoring reproducibility. A few cases still showed large scoring discrepancies. Establishment of external
quality assessment schemes is likely to improve the agreement between laboratories further. Additional evaluations are needed to
assess staining variability and clinical validity in appropriate cohorts of samples.
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end point in early-phase neoadjuvant studies.10 Perhaps the most
critical use for standard clinical care would be to determine
prognosis in the context of other factors, such as nodal status,

tumor size, and estrogen receptor, progesterone receptor, and
HER2 status. Although gene expression multiparameter molecular
assays have gained widespread use in the United States and other
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cancer deaths now occur in less developed regions of the world,13

accentuating the need for low cost, widely accessible biomarkers.
However, despite extensive effort spent on evaluating Ki67 as a
prognostic and/or predictive marker in the past three decades,
this biomarker is still not completely integrated into clinical
decision making,16 due mainly to the lack of standardization in
staining techniques and scoring methods.3,10,16

The International Ki67 Working Group has undertaken a
systematic multiphase program to determine whether Ki67 scoring
can be analytically validated and standardized across labo-
ratories.10,17,18 In phase 1, variability in visual interpretation, as
assessed by the intraclass correlation coefficient (ICC) estimate of
interobserver reproducibility, was the most important source of
variability (ICC= 0.71, 95% credible interval (CI): 0.47–0.78).17 In
phase 2, substantial levels of agreement were achieved when the
various laboratories followed clearly defined, standardized training
exercise and scoring methods.18 Indeed, the interobserver varia-
bility observed in phase 2 (ICC= 0.94, 95% CI: 0.90–0.97) is similar to
the intraobserver reproducibility (ICC=0.94; 95% CI: 0.93–0.97)
observed in phase 1. However, this level of agreement was
achieved when scoring the same tumors on tissue microarrays,
whereas in clinical practice biomarker decisions are made on core-
cut biopsy or on surgical excision whole-section specimens. Such
specimens require pathologists to select specific regions for
assessment within a larger area, and so increased variability in
scoring would be expected.
Given the encouraging result achieved on breast cancer tissue

microarrays, we proceeded to phase 3 to assess whether
acceptable performance can be achieved on core-cut biopsies
using a similar, standardized method including two distinct
approaches in selecting which area to score.

RESULTS
Interlaboratory ICC concordance of Ki67 according to method of
scoring
The different-section ICC estimate for the unweighted global score
was 0.87 (95%CI: 0.81–0.93), and therefore met the prespecified
success criterion (lower bound of credible interval exceeding 0.8;
Table 1). The different-section ICCs for the weighted global score
and hot-spot score were 0.87 (95%CI: 0.7999–0.93) and 0.84 (95%
CI: 0.77–0.92), respectively, and therefore both methods had ICC
credible intervals that extended below the success criterion. The
corresponding same-section ICC estimates for the unweighted
global, weighted global and hot-spot scores were 0.88 (95% CI:
0.81–0.93), 0.87 (95% CI: 0.80–0.93) and 0.84 (95% CI: 0.77–0.92),
respectively. Figure 1 displays the side-by-side boxplots of Ki67
scores across laboratories by group. Summary statistics for the
Ki67 scores across the 22 laboratories are given in Supplementary
Tables 2.
Variance component analyses show that, regardless of scoring

method, biological variation among different patients was the
largest component of the total variation, indicating that the Ki67
score is reflecting inherent properties of the tumor and that the
effect on the score introduced by the immunohistochemistry assay
technical variation (sectioning, staining, and scoring) is relatively
small (Figure 2, Supplementary Table 5).

Interlaboratory variation of Ki67 scoring
Figure 3 displays the variation in scores across laboratories for
each case, in spaghetti plot format. Each line represents scores
from one laboratory. Figure 4 presents the scores in a heat map
format with the columns (laboratories) sorted (within each group)
by the median scores across cases and the rows (cases) sorted by
the median scores across laboratories.
Overall it can be seen that most laboratories show good

parallelism in the increasing Ki67 scores across the plots. In other

words, laboratories measuring higher or lower than others tended
to do so relatively consistently. In group 3 one lab (N) can be seen
to score considerably higher than the others in both the
unweighted and weighted scores particularly in the samples with
the higher scores. This laboratory also showed a number of higher
scores on the hot-spot method. Another laboratory in group 3 (T)
also showed substantially and consistently higher hot-spot scores
than the others, whereas in group 1 one laboratory (A) can be
seen to score consistently lower than the others.

Categorical concordance of Ki67 scoring
With regard to agreement on a categorical level (rather than on a
continuous, 0–100% scale), considering the categories o10%, 10–
20%, and 420%, the relationship between percent agreement and
continuous score is shown in Supplementary Figure 3. It shows
excellent to perfect agreement on cases with scores that are either
much lower or higher than the intermediate range of 10–20%.
Visually, there was moderately strong agreement across

laboratories in the pathologist-selected location of the hot-spots
in each of the core-cut biopsies (Figure 5 shows some examples;
virtual slide images of all core-cut biopsy slides used in this study
and the corresponding selected fields and scores can be viewed at
http://www.gpec.ubc.ca/papers/ki67p3).
After selection of the fields to score, the median times required

for nuclei counting were 3 and 4 min for the global and hot-spot
methods, respectively.

DISCUSSION
The overarching goal of the International Ki67 Working Group
multiphase program is to build enough evidence to either support
or refute the notion that Ki67 assessed by immunohistochemistry
is sufficiently analytically and clinically validated to be implemen-
ted in routine clinical practice for management of breast cancer.10

Our previous studies demonstrated substantial interlaboratory
variability in Ki67 scoring among some of the world’s leaders in
the field, even when reading centrally stained slides (phase 1).17

However, this variability was reduced by introducing a standar-
dized, practical visual scoring method (phase 2)18—a method that
does not require any special equipment beyond a desktop
computer and light microscope.
In this third study, we progressed to a more ‘real world’

circumstance of reading Ki67 staining of core biopsies, while still
controlling for variability due to preanalytical and analytical aspects
of the assay.10 We have demonstrated that it is possible, given a set
of clearly defined training exercise and scoring instructions, for
pathologists to achieve high interobserver agreement in scoring
Ki67 on core-cut biopsies using a conventional light microscope
and manual field selection, with no additional aid such as counting
grid or software. The average time taken to score, once fields for
scoring had been selected, was between 3 and 4 min regardless of
the method and was judged to be acceptable in general practice by
the participants in the current study.
We found that the global unweighted method achieved the

observed highest ICC and CI (0.87, 95% CI: 0.81–0.93) compared
with weighted global (0.87, 95% CI: 0.7999–0.93) and hot-spot

Table 1. Summary of ICC values for different scoring methods

Different-section ICC Same-section ICC

Unweighted
global

0.87 (95% CI: 0.81–0.93) 0.88 (95% CI: 0.81–0.93)

Weighted global 0.87 (95% CI: 0.7999–0.93) 0.87 (95% CI: 0.80–0.93)
Hot-spot 0.84 (95% CI: 0.77–0.92) 0.84 (95% CI: 0.77–0.92)

Abbreviations: CI, credible interval; ICC, intraclass correlation coefficient.
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methods (0.84, 95% CI: 0.77–0.92). Thus the global method was
the only one to meet the prespecified criterion of success but the
other methods missed this criterion by a small amount and cannot
be ruled out as viable alternatives. The results do not provide
sufficient evidence that the global method is significantly more
reproducible, as measured by ICC, than the others. There
appeared to be moderately strong agreement in the location of
the selected hot-spots across laboratories (Figure 5a). However, as
shown in Figure 5b, even a very slight difference in hot-spot
location could result in a large difference in the Ki67 scores (8.6%
vs. 26%). Our findings are in agreement with other reports, in
which a marginally higher concordance among global compared
with hot-spot scores was observed (ICC = 0.904 vs. ICC = 0.894,
respectively).19 We propose that differences in individual fields

average out in the global method, and thus the overall score is
more robust to variability introduced by the exact localization of
the fields selected for scoring.
Despite the conclusion that the scoring aspect of analytical

validity has been achieved based on overall assessment by ICC,
there are still a few cases with large discrepancies (Figures 4a–c).
To understand potential sources of these variabilities, a subse-
quent exploratory examination of the field selections and scores
on individual fields were performed (Supplementary Document:
‘Exploratory examination of scoring fields’). Five sources of
variability were identified: (1) scoring of ductal carcinoma in situ
tissue; (2) scoring of stromal cells; (3) positive nuclei being
localized within a different part of the selected field; (4) need for
recalibration; (5) different hot-spots within a single slide exhibiting

Figure 1. Ki67 scores (a, unweighted global; b, weighted global; c, hot-spot) of all 22 laboratories (by group): black for Group 1, medium gray
for Group 2, and light gray for Group 3. Laboratories are ordered (within each group) by the median scores. The bottom/top of the box in each
box plot represent the first (Q1)/third (Q3) quartiles, the bold line inside the box represents the median and the two bars outside the box
represent the lowest/highest datum still within 1.5 × the interquartile range (Q3–Q1). Outliers are represented with empty circles.
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cancer deaths now occur in less developed regions of the world,13

accentuating the need for low cost, widely accessible biomarkers.
However, despite extensive effort spent on evaluating Ki67 as a
prognostic and/or predictive marker in the past three decades,
this biomarker is still not completely integrated into clinical
decision making,16 due mainly to the lack of standardization in
staining techniques and scoring methods.3,10,16

The International Ki67 Working Group has undertaken a
systematic multiphase program to determine whether Ki67 scoring
can be analytically validated and standardized across labo-
ratories.10,17,18 In phase 1, variability in visual interpretation, as
assessed by the intraclass correlation coefficient (ICC) estimate of
interobserver reproducibility, was the most important source of
variability (ICC= 0.71, 95% credible interval (CI): 0.47–0.78).17 In
phase 2, substantial levels of agreement were achieved when the
various laboratories followed clearly defined, standardized training
exercise and scoring methods.18 Indeed, the interobserver varia-
bility observed in phase 2 (ICC= 0.94, 95% CI: 0.90–0.97) is similar to
the intraobserver reproducibility (ICC=0.94; 95% CI: 0.93–0.97)
observed in phase 1. However, this level of agreement was
achieved when scoring the same tumors on tissue microarrays,
whereas in clinical practice biomarker decisions are made on core-
cut biopsy or on surgical excision whole-section specimens. Such
specimens require pathologists to select specific regions for
assessment within a larger area, and so increased variability in
scoring would be expected.
Given the encouraging result achieved on breast cancer tissue

microarrays, we proceeded to phase 3 to assess whether
acceptable performance can be achieved on core-cut biopsies
using a similar, standardized method including two distinct
approaches in selecting which area to score.

RESULTS
Interlaboratory ICC concordance of Ki67 according to method of
scoring
The different-section ICC estimate for the unweighted global score
was 0.87 (95%CI: 0.81–0.93), and therefore met the prespecified
success criterion (lower bound of credible interval exceeding 0.8;
Table 1). The different-section ICCs for the weighted global score
and hot-spot score were 0.87 (95%CI: 0.7999–0.93) and 0.84 (95%
CI: 0.77–0.92), respectively, and therefore both methods had ICC
credible intervals that extended below the success criterion. The
corresponding same-section ICC estimates for the unweighted
global, weighted global and hot-spot scores were 0.88 (95% CI:
0.81–0.93), 0.87 (95% CI: 0.80–0.93) and 0.84 (95% CI: 0.77–0.92),
respectively. Figure 1 displays the side-by-side boxplots of Ki67
scores across laboratories by group. Summary statistics for the
Ki67 scores across the 22 laboratories are given in Supplementary
Tables 2.
Variance component analyses show that, regardless of scoring

method, biological variation among different patients was the
largest component of the total variation, indicating that the Ki67
score is reflecting inherent properties of the tumor and that the
effect on the score introduced by the immunohistochemistry assay
technical variation (sectioning, staining, and scoring) is relatively
small (Figure 2, Supplementary Table 5).

Interlaboratory variation of Ki67 scoring
Figure 3 displays the variation in scores across laboratories for
each case, in spaghetti plot format. Each line represents scores
from one laboratory. Figure 4 presents the scores in a heat map
format with the columns (laboratories) sorted (within each group)
by the median scores across cases and the rows (cases) sorted by
the median scores across laboratories.
Overall it can be seen that most laboratories show good

parallelism in the increasing Ki67 scores across the plots. In other

words, laboratories measuring higher or lower than others tended
to do so relatively consistently. In group 3 one lab (N) can be seen
to score considerably higher than the others in both the
unweighted and weighted scores particularly in the samples with
the higher scores. This laboratory also showed a number of higher
scores on the hot-spot method. Another laboratory in group 3 (T)
also showed substantially and consistently higher hot-spot scores
than the others, whereas in group 1 one laboratory (A) can be
seen to score consistently lower than the others.

Categorical concordance of Ki67 scoring
With regard to agreement on a categorical level (rather than on a
continuous, 0–100% scale), considering the categories o10%, 10–
20%, and 420%, the relationship between percent agreement and
continuous score is shown in Supplementary Figure 3. It shows
excellent to perfect agreement on cases with scores that are either
much lower or higher than the intermediate range of 10–20%.
Visually, there was moderately strong agreement across

laboratories in the pathologist-selected location of the hot-spots
in each of the core-cut biopsies (Figure 5 shows some examples;
virtual slide images of all core-cut biopsy slides used in this study
and the corresponding selected fields and scores can be viewed at
http://www.gpec.ubc.ca/papers/ki67p3).
After selection of the fields to score, the median times required

for nuclei counting were 3 and 4 min for the global and hot-spot
methods, respectively.

DISCUSSION
The overarching goal of the International Ki67 Working Group
multiphase program is to build enough evidence to either support
or refute the notion that Ki67 assessed by immunohistochemistry
is sufficiently analytically and clinically validated to be implemen-
ted in routine clinical practice for management of breast cancer.10

Our previous studies demonstrated substantial interlaboratory
variability in Ki67 scoring among some of the world’s leaders in
the field, even when reading centrally stained slides (phase 1).17

However, this variability was reduced by introducing a standar-
dized, practical visual scoring method (phase 2)18—a method that
does not require any special equipment beyond a desktop
computer and light microscope.
In this third study, we progressed to a more ‘real world’

circumstance of reading Ki67 staining of core biopsies, while still
controlling for variability due to preanalytical and analytical aspects
of the assay.10 We have demonstrated that it is possible, given a set
of clearly defined training exercise and scoring instructions, for
pathologists to achieve high interobserver agreement in scoring
Ki67 on core-cut biopsies using a conventional light microscope
and manual field selection, with no additional aid such as counting
grid or software. The average time taken to score, once fields for
scoring had been selected, was between 3 and 4 min regardless of
the method and was judged to be acceptable in general practice by
the participants in the current study.
We found that the global unweighted method achieved the

observed highest ICC and CI (0.87, 95% CI: 0.81–0.93) compared
with weighted global (0.87, 95% CI: 0.7999–0.93) and hot-spot

Table 1. Summary of ICC values for different scoring methods

Different-section ICC Same-section ICC

Unweighted
global

0.87 (95% CI: 0.81–0.93) 0.88 (95% CI: 0.81–0.93)

Weighted global 0.87 (95% CI: 0.7999–0.93) 0.87 (95% CI: 0.80–0.93)
Hot-spot 0.84 (95% CI: 0.77–0.92) 0.84 (95% CI: 0.77–0.92)

Abbreviations: CI, credible interval; ICC, intraclass correlation coefficient.
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methods (0.84, 95% CI: 0.77–0.92). Thus the global method was
the only one to meet the prespecified criterion of success but the
other methods missed this criterion by a small amount and cannot
be ruled out as viable alternatives. The results do not provide
sufficient evidence that the global method is significantly more
reproducible, as measured by ICC, than the others. There
appeared to be moderately strong agreement in the location of
the selected hot-spots across laboratories (Figure 5a). However, as
shown in Figure 5b, even a very slight difference in hot-spot
location could result in a large difference in the Ki67 scores (8.6%
vs. 26%). Our findings are in agreement with other reports, in
which a marginally higher concordance among global compared
with hot-spot scores was observed (ICC = 0.904 vs. ICC = 0.894,
respectively).19 We propose that differences in individual fields

average out in the global method, and thus the overall score is
more robust to variability introduced by the exact localization of
the fields selected for scoring.
Despite the conclusion that the scoring aspect of analytical

validity has been achieved based on overall assessment by ICC,
there are still a few cases with large discrepancies (Figures 4a–c).
To understand potential sources of these variabilities, a subse-
quent exploratory examination of the field selections and scores
on individual fields were performed (Supplementary Document:
‘Exploratory examination of scoring fields’). Five sources of
variability were identified: (1) scoring of ductal carcinoma in situ
tissue; (2) scoring of stromal cells; (3) positive nuclei being
localized within a different part of the selected field; (4) need for
recalibration; (5) different hot-spots within a single slide exhibiting

Figure 1. Ki67 scores (a, unweighted global; b, weighted global; c, hot-spot) of all 22 laboratories (by group): black for Group 1, medium gray
for Group 2, and light gray for Group 3. Laboratories are ordered (within each group) by the median scores. The bottom/top of the box in each
box plot represent the first (Q1)/third (Q3) quartiles, the bold line inside the box represents the median and the two bars outside the box
represent the lowest/highest datum still within 1.5 × the interquartile range (Q3–Q1). Outliers are represented with empty circles.
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different Ki67 scores. Some of these factors may be correctable/
preventable (1, 2, 4) while others may be difficult to avoid (3, 5).
Among the rest of the cases, much of the scoring variability that

remains between laboratories relates to relatively consistent low
or high bias for scorers. Establishment of external quality
assessment schemes and regular participation in such programs
may improve the agreement between laboratories further,
especially in the area of standardizing staining protocol (which
has not yet been addressed in any of our studies).
Similar to what was observed in phase 2,18 clinically important

discrepancies persisted among laboratories for some cases in the
intermediate Ki67 range between 10 and 20% (Supplementary
Figure 4). These discrepancies are of concern, since this is the
range in which cutoffs to distinguish high from low Ki67 levels are
usually selected and used to make clinical decisions.6,13,20 There
were 19 cases for which at least one of the 22 laboratories
reported an unweighted global score in the range of 10%⩽ Ki67⩽
20%. Strikingly, there were no cases where all laboratories
provided scores that were confined to this range. If the
intermediate Ki67 range extends to 10%⩽ Ki67⩽ 30%, then there
were 26 cases for which at least one of the 22 laboratories
reported an unweighted global score in this range. There was only
one case for which all laboratories provided scores in this
extended cutoff range.
On the other hand, as evident from the heat maps (Figures 4a–

c), exceptionally high to unanimous agreement was observed for
cases with median Ki67 scores that were either much higher or
lower than the intermediate range (10%⩽ Ki67⩽ 20%): 100%
agreement was observed with the global method (unweighted
and weighted) on 11/30 (37%) cases and, with hot-spot method,
13/30 (43%) cases. Supplementary Figure 3 shows the relationship
between scores and the rate of agreement on categories. It
demonstrates that there is often some disagreement, but for
scores that are far away from the intermediate range, for example,
above 35%, everyone agreed. However, at lower levels there was
increasing disagreement.
Ki67 IHC might be used for one of many possible applications,

including for determination of breast cancer intrinsic subtype,21

use in IHC-based multiparameter assays to approximate results
from gene expression assays such as the 21-gene recurrence
score,14,15 and use in IHC-based prognostic models.22,23 Regard-
less, Ki67 is usually interpreted in the context of other
clinicopathological parameters, such as tumor size, lymph node

status and grade, or biomarkers, such as ER, PR and HER2 status. In
this regard, Denkert et al. noted that treatment decisions for
individual patients should not be made based on small differences
of Ki67 around a given cutpoint.16 Further studies in the impact of
Ki67 scoring variability on multiparameter clinical application
would be beneficial. Regardless, the increasing scoring concor-
dance we have observed through our three phases of consensus
training suggests some progress toward Ki67 immunohistochem-
istry applicability in the standard of care setting, assuming proper
training and adherence to proficiency testing.
While our study shows that Ki67 visual scoring systems

can be standardized to reach high levels of interobserver
agreement (as measured by ICC) in centrally stained core-cut
biopsy samples, it has several limitations. In clinical practice,
additional preanalytical and analytical aspects, such as staining
protocol differences,10 will add substantial variability, as will
moving from core-cut biopsies onto whole sections. In addition,
the clinical validity (and therefore clinical utility) of this specific
scoring system has yet to be confirmed. The data from the current
phase 3 study are sufficiently positive to support proceeding to
evaluation of these other aspects by consortium members in a
series of planned studies.
In conclusion, we believe we are one step closer to standardizing

the Ki67 immunohistochemistry assay for use in breast cancer.
However, at this stage, we cannot yet recommend this assay
platform to be used to drive patient-care decisions in clinical practice.

MATERIALS AND METHODS
This study was approved by the British Columbia Cancer Agency Clinical
Research Ethics Board (protocol H10-03420). All samples used in this study
were donated by patients who signed a generic consent. All core-cut
biopsy material used in this study was excess to diagnostic requirements
and ethically available for quality control studies.

Case selection
One hundred and ten cases of estrogen receptor (ER) positive breast cancer
were selected from the Academic Department of Biochemistry (ADB) tumor
bank at the Royal Marsden Hospital, UK. Sixty-nine of these were further
selected for initial sectioning, based on visual estimation of the available
material, Haematoxylin and Eosin (H&E) and Ki67 staining using Academic
Biochemistry protocols.24 Quality of each section (for example, crush artifacts
and cellularity) was assessed and the percentage of Ki67 positivity was
estimated. A set of 40 core-cut biopsy blocks was sectioned and stained in
the Royal Marsden Hospital Histopathology Department using monoclonal
antibody MIB1 at dilution 1:50 (DAKO UK, Cambridgeshire, UK) using an
automated staining system (Ventana Medical Systems, Tucson, AZ, USA)
according to the criteria established by consensus of the International Ki67
Working Group.10 The final set of 30 core-cut biopsy sections was selected
on the basis of sufficient cell numbers and quality of staining
(Supplementary Figure 1). The distribution of clinicopathological parameters
among these 30 cases is shown in Supplementary Table 1.

Sample preparation and distribution
Twenty-four volunteer laboratories, most of whom participated in
phase 1 or 2 of the International Ki67 Working Group initiatives,
representing 23 institutions from 11 countries, were invited to participate
in phase 3.
Five adjacent sections from each of the 30 core-cut biopsy source blocks

were centrally stained. The first section was stained with H&E, the second
with a myoepithelial marker (p63) and the third to fifth sections with Ki67.
Because the time required to have all laboratories review the same slide
would have been prohibitive, the latter three Ki67-stained sections were
prepared and are designated Groups 1, 2, and 3. Each group of slides
included 30 sections, one from each of the 30 patients. The participating
laboratories were initially divided into three groups (eight laboratories in
each group) and members within the same group were given the same
group of slides to score. Because the slides were damaged en route to the
third volunteer laboratory in Group 2, members within this group who had
not yet scored were subsequently reassigned to Group 1 or 3. Two
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Figure 2. Variance component analysis. Variation due to different
components are presented in a bar plot to show the relative
magnitude differences between them. Numeric values of the variance
components estimates and the corresponding credible intervals are
shown in Supplementary Table 5.
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volunteer laboratories did not complete the study in time for the analysis.
Twenty-two laboratories successfully completed the study: 10 laboratories
in Group 1, two in Group 2 and 10 in Group 3.

Scoring protocol
All laboratories were required to complete the phase 2 web-based
calibration exercise18 prior to the phase 3 scoring. This calibrator is publicly
accessible at http://www.gpec.ubc.ca/calibrator. The detailed scoring
protocol is found in Supplementary Document: ‘Instructions for Ki67
Reproducibility Study Phase 3: Core Biopsies’. A modified version of the
scoring software (modified for offline use) used in this study can be
downloaded at: http://www.gpec.ubc.ca/papers/ki67p3.

Scoring methods
Three scoring methods were assessed in this study: (1) an unweighted
global assessment of Ki67 staining; (2) a global assessment that is
weighted according to the estimated percentage of the total cancer area

covered by each of high, medium, low, or negligible Ki67 staining levels
and (3) assessment of Ki67 only in ‘hot-spots.’
Global methods attempt to derive an average score across all the

tissue available for assessment. In the weighted and unweighted global
methods, Ki67 index counting was performed in the same manner, but the
final Ki67 score was derived differently. Adapted from a scoring protocol
that has been used routinely in the Dowsett ADB laboratory,24 these two
global methods require the pathologist to first assess staining hetero-
geneity by estimating the percentages of the invasive tumor component
of the slide exhibiting relatively high, medium, low or negligible Ki67
scores. On the basis of these estimates, a standard algorithm
(Supplementary Figure 2) determined the required number of fields to
score for each Ki67 score level (total up to four fields). The pathologist was
then asked to count up to 100 invasive tumor nuclei within each field,
using a ‘typewriter’ pattern, similar to how a tissue microarray core was
scored in the phase 2 study.18

Variations on hot-spot assessments are often used by pathologists
for mitotic counting, where the pathologist identifies what appears

GROUP 1 GROUP 3

Specimen number Specimen number 

Figure 3. Variability in Ki67 scores (a, c and e correspond to Group 1; b, d and f correspond to Group 3). Each line represents Ki67 scores from
one laboratory. Shaded region indicates Ki67 scores between 10 and 20%. Scores from Group 2 are not shown since there are only two
laboratories in this group.
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different Ki67 scores. Some of these factors may be correctable/
preventable (1, 2, 4) while others may be difficult to avoid (3, 5).
Among the rest of the cases, much of the scoring variability that

remains between laboratories relates to relatively consistent low
or high bias for scorers. Establishment of external quality
assessment schemes and regular participation in such programs
may improve the agreement between laboratories further,
especially in the area of standardizing staining protocol (which
has not yet been addressed in any of our studies).
Similar to what was observed in phase 2,18 clinically important

discrepancies persisted among laboratories for some cases in the
intermediate Ki67 range between 10 and 20% (Supplementary
Figure 4). These discrepancies are of concern, since this is the
range in which cutoffs to distinguish high from low Ki67 levels are
usually selected and used to make clinical decisions.6,13,20 There
were 19 cases for which at least one of the 22 laboratories
reported an unweighted global score in the range of 10%⩽ Ki67⩽
20%. Strikingly, there were no cases where all laboratories
provided scores that were confined to this range. If the
intermediate Ki67 range extends to 10%⩽ Ki67⩽ 30%, then there
were 26 cases for which at least one of the 22 laboratories
reported an unweighted global score in this range. There was only
one case for which all laboratories provided scores in this
extended cutoff range.
On the other hand, as evident from the heat maps (Figures 4a–

c), exceptionally high to unanimous agreement was observed for
cases with median Ki67 scores that were either much higher or
lower than the intermediate range (10%⩽ Ki67⩽ 20%): 100%
agreement was observed with the global method (unweighted
and weighted) on 11/30 (37%) cases and, with hot-spot method,
13/30 (43%) cases. Supplementary Figure 3 shows the relationship
between scores and the rate of agreement on categories. It
demonstrates that there is often some disagreement, but for
scores that are far away from the intermediate range, for example,
above 35%, everyone agreed. However, at lower levels there was
increasing disagreement.
Ki67 IHC might be used for one of many possible applications,

including for determination of breast cancer intrinsic subtype,21

use in IHC-based multiparameter assays to approximate results
from gene expression assays such as the 21-gene recurrence
score,14,15 and use in IHC-based prognostic models.22,23 Regard-
less, Ki67 is usually interpreted in the context of other
clinicopathological parameters, such as tumor size, lymph node

status and grade, or biomarkers, such as ER, PR and HER2 status. In
this regard, Denkert et al. noted that treatment decisions for
individual patients should not be made based on small differences
of Ki67 around a given cutpoint.16 Further studies in the impact of
Ki67 scoring variability on multiparameter clinical application
would be beneficial. Regardless, the increasing scoring concor-
dance we have observed through our three phases of consensus
training suggests some progress toward Ki67 immunohistochem-
istry applicability in the standard of care setting, assuming proper
training and adherence to proficiency testing.
While our study shows that Ki67 visual scoring systems

can be standardized to reach high levels of interobserver
agreement (as measured by ICC) in centrally stained core-cut
biopsy samples, it has several limitations. In clinical practice,
additional preanalytical and analytical aspects, such as staining
protocol differences,10 will add substantial variability, as will
moving from core-cut biopsies onto whole sections. In addition,
the clinical validity (and therefore clinical utility) of this specific
scoring system has yet to be confirmed. The data from the current
phase 3 study are sufficiently positive to support proceeding to
evaluation of these other aspects by consortium members in a
series of planned studies.
In conclusion, we believe we are one step closer to standardizing

the Ki67 immunohistochemistry assay for use in breast cancer.
However, at this stage, we cannot yet recommend this assay
platform to be used to drive patient-care decisions in clinical practice.

MATERIALS AND METHODS
This study was approved by the British Columbia Cancer Agency Clinical
Research Ethics Board (protocol H10-03420). All samples used in this study
were donated by patients who signed a generic consent. All core-cut
biopsy material used in this study was excess to diagnostic requirements
and ethically available for quality control studies.

Case selection
One hundred and ten cases of estrogen receptor (ER) positive breast cancer
were selected from the Academic Department of Biochemistry (ADB) tumor
bank at the Royal Marsden Hospital, UK. Sixty-nine of these were further
selected for initial sectioning, based on visual estimation of the available
material, Haematoxylin and Eosin (H&E) and Ki67 staining using Academic
Biochemistry protocols.24 Quality of each section (for example, crush artifacts
and cellularity) was assessed and the percentage of Ki67 positivity was
estimated. A set of 40 core-cut biopsy blocks was sectioned and stained in
the Royal Marsden Hospital Histopathology Department using monoclonal
antibody MIB1 at dilution 1:50 (DAKO UK, Cambridgeshire, UK) using an
automated staining system (Ventana Medical Systems, Tucson, AZ, USA)
according to the criteria established by consensus of the International Ki67
Working Group.10 The final set of 30 core-cut biopsy sections was selected
on the basis of sufficient cell numbers and quality of staining
(Supplementary Figure 1). The distribution of clinicopathological parameters
among these 30 cases is shown in Supplementary Table 1.

Sample preparation and distribution
Twenty-four volunteer laboratories, most of whom participated in
phase 1 or 2 of the International Ki67 Working Group initiatives,
representing 23 institutions from 11 countries, were invited to participate
in phase 3.
Five adjacent sections from each of the 30 core-cut biopsy source blocks

were centrally stained. The first section was stained with H&E, the second
with a myoepithelial marker (p63) and the third to fifth sections with Ki67.
Because the time required to have all laboratories review the same slide
would have been prohibitive, the latter three Ki67-stained sections were
prepared and are designated Groups 1, 2, and 3. Each group of slides
included 30 sections, one from each of the 30 patients. The participating
laboratories were initially divided into three groups (eight laboratories in
each group) and members within the same group were given the same
group of slides to score. Because the slides were damaged en route to the
third volunteer laboratory in Group 2, members within this group who had
not yet scored were subsequently reassigned to Group 1 or 3. Two
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Figure 2. Variance component analysis. Variation due to different
components are presented in a bar plot to show the relative
magnitude differences between them. Numeric values of the variance
components estimates and the corresponding credible intervals are
shown in Supplementary Table 5.
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volunteer laboratories did not complete the study in time for the analysis.
Twenty-two laboratories successfully completed the study: 10 laboratories
in Group 1, two in Group 2 and 10 in Group 3.

Scoring protocol
All laboratories were required to complete the phase 2 web-based
calibration exercise18 prior to the phase 3 scoring. This calibrator is publicly
accessible at http://www.gpec.ubc.ca/calibrator. The detailed scoring
protocol is found in Supplementary Document: ‘Instructions for Ki67
Reproducibility Study Phase 3: Core Biopsies’. A modified version of the
scoring software (modified for offline use) used in this study can be
downloaded at: http://www.gpec.ubc.ca/papers/ki67p3.

Scoring methods
Three scoring methods were assessed in this study: (1) an unweighted
global assessment of Ki67 staining; (2) a global assessment that is
weighted according to the estimated percentage of the total cancer area

covered by each of high, medium, low, or negligible Ki67 staining levels
and (3) assessment of Ki67 only in ‘hot-spots.’
Global methods attempt to derive an average score across all the

tissue available for assessment. In the weighted and unweighted global
methods, Ki67 index counting was performed in the same manner, but the
final Ki67 score was derived differently. Adapted from a scoring protocol
that has been used routinely in the Dowsett ADB laboratory,24 these two
global methods require the pathologist to first assess staining hetero-
geneity by estimating the percentages of the invasive tumor component
of the slide exhibiting relatively high, medium, low or negligible Ki67
scores. On the basis of these estimates, a standard algorithm
(Supplementary Figure 2) determined the required number of fields to
score for each Ki67 score level (total up to four fields). The pathologist was
then asked to count up to 100 invasive tumor nuclei within each field,
using a ‘typewriter’ pattern, similar to how a tissue microarray core was
scored in the phase 2 study.18

Variations on hot-spot assessments are often used by pathologists
for mitotic counting, where the pathologist identifies what appears

GROUP 1 GROUP 3

Specimen number Specimen number 

Figure 3. Variability in Ki67 scores (a, c and e correspond to Group 1; b, d and f correspond to Group 3). Each line represents Ki67 scores from
one laboratory. Shaded region indicates Ki67 scores between 10 and 20%. Scores from Group 2 are not shown since there are only two
laboratories in this group.
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to be the most active area of cell division. The hot-spot method
required the pathologist to select one high-power field with high
staining rate and count up to 500 invasive tumor nuclei in a ‘typewriter’
pattern.

Statistical analyses
Prespecified criterion for success. Prior to data collection, it was
hypothesized that at least one of the scoring methods would have an
associated ICC of at least 0.80. For planning purposes, power calculations

Figure 4. Heat map of Ki67 scores (a: unweighted global; b: weighted global; c: hot-spot). Rows represent cases and columns represent
laboratories. Green color indicate that the score is o10%, yellow 10–20%, and red 420%. Cases are ordered by the median scores (across
laboratories), which are shown in parentheses beside the specimen number. Laboratories are ordered (within each group) by the median
scores (across cases). The three colon-separated numbers to the right of the table represent the number of laboratories giving scores falling
into different ranges: o10% (left-most), 10–20% (middle) and 420% (right-most). For example, ‘15:6:1’ indicates that 15 laboratories gave a
score of o10%, six laboratories between 10 and 20% and one laboratory 420%.
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performed under a variety of scenarios considered to represent good
reproducibility and similar to the results observed in the phase 2 study
showed that with 21 laboratories there would be 80% power to exclude
ICCs lower than the prespecified ICC of 0.8 from a 95% credible interval for
a given scoring method. This success criterion of ‘0.8’ was chosen using
criteria similar to those for Kappa value interpretation: 0.81–1 indicating
‘almost perfect’ agreement.25

Ki67 scoring. The Ki67 score was defined as the percentage of invasive
tumor cells positively stained in the examined field(s). Positive staining was
defined as any brown stain in the nucleus above background, illustrated by
sample images; negative staining was scored when the invasive cancer cell
showed only a blue counterstained nucleus. The unweighted global and
hot-spot scores were simply the total number of positively stained tumor
nuclei counted divided by the total number of tumor nuclei counted (in

Figure 4. (Continued)

Figure 5. Hot-spot field selection by different laboratories on the same core-cut biopsy slide. (a) Selections (indicated by red circles) on some
example core biopsies. (b) Example of a single-core biopsy (median score: 12%) with zoomed-in fields. Each laboratory was asked to circle the
area considered by that laboratory to be the hot-spot (b-i). Most pathologists honed in on the same area of the core, although individual-
selected circular scoring fields do not always overlap. (b-iii, b-iv) Segments of the same area chosen by two different laboratories to read Ki67.
(b-v) The ‘outlier’ field selected by only one laboratory as the hot-spot.
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to be the most active area of cell division. The hot-spot method
required the pathologist to select one high-power field with high
staining rate and count up to 500 invasive tumor nuclei in a ‘typewriter’
pattern.

Statistical analyses
Prespecified criterion for success. Prior to data collection, it was
hypothesized that at least one of the scoring methods would have an
associated ICC of at least 0.80. For planning purposes, power calculations

Figure 4. Heat map of Ki67 scores (a: unweighted global; b: weighted global; c: hot-spot). Rows represent cases and columns represent
laboratories. Green color indicate that the score is o10%, yellow 10–20%, and red 420%. Cases are ordered by the median scores (across
laboratories), which are shown in parentheses beside the specimen number. Laboratories are ordered (within each group) by the median
scores (across cases). The three colon-separated numbers to the right of the table represent the number of laboratories giving scores falling
into different ranges: o10% (left-most), 10–20% (middle) and 420% (right-most). For example, ‘15:6:1’ indicates that 15 laboratories gave a
score of o10%, six laboratories between 10 and 20% and one laboratory 420%.
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performed under a variety of scenarios considered to represent good
reproducibility and similar to the results observed in the phase 2 study
showed that with 21 laboratories there would be 80% power to exclude
ICCs lower than the prespecified ICC of 0.8 from a 95% credible interval for
a given scoring method. This success criterion of ‘0.8’ was chosen using
criteria similar to those for Kappa value interpretation: 0.81–1 indicating
‘almost perfect’ agreement.25

Ki67 scoring. The Ki67 score was defined as the percentage of invasive
tumor cells positively stained in the examined field(s). Positive staining was
defined as any brown stain in the nucleus above background, illustrated by
sample images; negative staining was scored when the invasive cancer cell
showed only a blue counterstained nucleus. The unweighted global and
hot-spot scores were simply the total number of positively stained tumor
nuclei counted divided by the total number of tumor nuclei counted (in

Figure 4. (Continued)

Figure 5. Hot-spot field selection by different laboratories on the same core-cut biopsy slide. (a) Selections (indicated by red circles) on some
example core biopsies. (b) Example of a single-core biopsy (median score: 12%) with zoomed-in fields. Each laboratory was asked to circle the
area considered by that laboratory to be the hot-spot (b-i). Most pathologists honed in on the same area of the core, although individual-
selected circular scoring fields do not always overlap. (b-iii, b-iv) Segments of the same area chosen by two different laboratories to read Ki67.
(b-v) The ‘outlier’ field selected by only one laboratory as the hot-spot.
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the one hot-spot field, or across all fields for the global method). The
weighted global score was derived with tumor nuclei counts in each
assessed field weighted by the estimated percentage of the total cancer
area covered by each of high, medium, low, or negligible Ki67 staining
levels. For example, consider a slide estimated to have 10% of its area
covered by relatively high Ki67 index regions, while 90% of the area is
covered by relatively low-level Ki67 regions. By the algorithm
(Supplementary Figure 2), the required number of fields to select and
score is one high field and three low fields. Suppose the number of
positive/total tumor nuclei counted in the high field is 85/100 and the
three low fields are 30/100, 20/80, and 18/90. The weighted Ki67 score
would be 0.1 × (85/100)+0.9 × ((30+20+18)/(100+80+90)) = 31%, whereas
the unweighted score would be (85+30+20+18)/(100+100+80+90) = 41%.
For the statistical analysis, the Ki67 score was transformed to a logarithmic
scale by adding 0.1% and applying a log base 2 transformation to satisfy
model assumptions of normality and constant variance.10

ICC estimates (ranging from 0 to 1, with 1 representing perfect
reproducibility) were computed as previously reported in the phase 2
study.18 Briefly, variance component analyses were performed to quantify
the contributions from the following sources of variability: scoring
laboratory, patient tumor (biological variation—each core-cut biopsy
block represents a unique patient) and section of the core-cut biopsy block.
Similar to the phase 2 study, same-section and different-section ICC were
computed. Same-section refers to scoring laboratories scoring the same set
of core-cut biopsy slides, whereas different-section refers to scoring
laboratories scoring different sections of the same core-cut biopsy blocks.
CI for the variance components and the ICCs were obtained using the
Markov Chain Monte Carlo routines for fitting generalized linear mixed
models.
All data analyses were performed using R version 3.2.1.26 Sources of

variation in log2-transformed Ki67 scores were analyzed using random
effects models as implemented in the R packages lme4 and MCMCglmm.
Data were visualized using heat maps, boxplots and spaghetti plots.

ACKNOWLEDGMENTS
This work was supported by a generous grant from the Breast Cancer
Research Foundation (D.F.H.). Additional funding for the UK laboratories was
received from Breakthrough Breast Cancer and the National Institute for Health
Research Biomedical Research Centre at the Royal Marsden Hospital. Funding for the
Ontario Institute for Cancer Research is provided by the Government of Ontario.
Judith Hugh is the Lilian McCullough Chair in Breast Cancer Surgery Research and the
CBCF Prairies/NWT Chapter. We are grateful to the Breast International Group and
North American Breast Cancer Group (BIG-NABCG) collaboration, including the
leadership of Nancy Davidson, Thomas Buchholz, Martine Piccart, and Larry Norton.
This work was supported by a generous grant from the Breast Cancer Research
Foundation.

CONTRIBUTIONS
S.C.Y.L.: study design, data collection, manuscript drafting and review. T.O.N.: study
design, manuscript drafting and review. L.Z.: study design, collection and preparation
of samples, data collection, manuscript drafting and review. I.A.: study design, data
collection, manuscript drafting and review. S.S.B.: study design, manuscript drafting
and review. A.L.B.: study design, data collection, manuscript drafting and review. J.M.
S.B.: study design, manuscript drafting and review. S.B.: study design, data collection,
manuscript drafting and review. M.C.C.: study design, data collection, manuscript
drafting and review. A.D.: study design, data collection, manuscript drafting and
review. R.A.E.: study design, data collection, manuscript drafting and review. S.F.:
study design, data collection, manuscript drafting and review. C.M.F.: study design,
data collection, manuscript drafting and review. D.G.: study design, data collection,
manuscript drafting and review. A.M.G.: study design, data collection, manuscript
drafting and review. D.G.: study design, data collection, manuscript drafting and
review. C.G.: study design, data collection, manuscript drafting and review. J.C.H.:
study design, data collection, manuscript drafting and review. Z.K.: study design, data
collection, manuscript drafting and review. A-V.L.: study design, data collection,
manuscript drafting and review. M-G.L: study design, data collection, manuscript
drafting and review. M.G.M.: study design, data collection, manuscript drafting and
review. T.M.: study design, data collection, manuscript drafting and review. S.N-M.:
study design, data collection, manuscript drafting and review. C.K.O.: study design,
manuscript drafting and review. F.M.P-L.: study design, data collection, manuscript
drafting and review. T.P.: study design, data collection, manuscript drafting and
review. T.S.: study design, data collection, manuscript drafting and review. R.S.: study
design, data collection, manuscript drafting and review. J.S.: study design, data

collection, manuscript drafting and review. G.V.: study design, manuscript drafting
and review. D.F.H.: study design, manuscript drafting and review. L.M.McS.: study
design, statistical analysis, manuscript drafting and review. M.D.: study design,
manuscript drafting and review.

COMPETING INTERESTS
J.M.S.B. has consulted for Insight Genetics and BioNTech and received compensation.
T.O.N. has consulted for Nanostring and received compensation. C.K.O. has consulted
for Astra Zeneca, Genentech and NanoString and received compensation. The
remaining authors declare no conflict of interest.

REFERENCES
1. Lei, Y. et al. The prognostic role of Ki-67/MIB-1 in upper urinary-tract urothelial

carcinomas: a systematic review and meta-analysis. J. Endourol. 29,
1302–1308 (2015).

2. Desouki, M. M., Chamberlain, B. K. & Li, Z. The role of immunohistochemistry in
the evaluation of gynecologic pathology part 2: a comparative study between
two academic institutes. Ann. Diagn. Pathol. 19, 296–300 (2015).

3. Luporsi, E. et al. Ki-67: level of evidence and methodological considerations for its
role in the clinical management of breast cancer: analytical and critical review.
Breast Cancer Res. Treat. 132, 895–915 (2012).

4. de Azambuja, E. et al. Ki-67 as prognostic marker in early breast cancer: a meta-
analysis of published studies involving 12,155 patients. Br. J. Cancer 96,
1504–1513 (2007).

5. Denkert, C. et al. Ki67 levels as predictive and prognostic parameters in pre-
therapeutic breast cancer core biopsies: a translational investigation in the
neoadjuvant GeparTrio trial. Ann. Oncol. 24, 2786–2793 (2013).

6. Inwald, E. C. et al. Ki-67 is a prognostic parameter in breast cancer patients: results
of a large population-based cohort of a cancer registry. Breast Cancer Res. Treat.
139, 539–552 (2013).

7. Viale, G. et al. Prognostic and predictive value of centrally reviewed expression of
estrogen and progesterone receptors in a randomized trial comparing letrozole
and tamoxifen adjuvant therapy for postmenopausal early breast cancer: BIG 1-
98. J. Clin. Oncol. 25, 3846–3852 (2007).

8. Viale, G. et al. Predictive value of tumor Ki-67 expression in two randomized trials
of adjuvant chemoendocrine therapy for node-negative breast cancer. J. Natl
Cancer Inst. 100, 207–212 (2008).

9. Yerushalmi, R., Woods, R., Ravdin, P. M., Hayes, M. M. & Gelmon, K. A. Ki67 in breast
cancer: prognostic and predictive potential. Lancet Oncol. 11, 174–183 (2010).

10. Dowsett, M. et al. Assessment of Ki67 in breast cancer: recommendations from
the International Ki67 in Breast Cancer working group. J. Natl Cancer Inst. 103,
1656–1664 (2011).

11. Petrelli, F., Viale, G., Cabiddu, M. & Barni, S. Prognostic value of different cut-off
levels of Ki-67 in breast cancer: a systematic review and meta-analysis of 64,196
patients. Breast Cancer Res. Treat. 153, 477–491 (2015).

12. Criscitiello, C. et al. High Ki-67 score is indicative of a greater benefit from
adjuvant chemotherapy when added to endocrine therapy in luminal B HER2
negative and node-positive breast cancer. Breast 23, 69–75 (2014).

13. Coates, A. S. et al. Tailoring therapies-improving the management of early breast
cancer: St Gallen International Expert Consensus on the Primary Therapy of Early
Breast Cancer. Ann. Oncol. 26, 1533–1546 (2015).

14. Allison, K. H., Kandalaft, P. L., Sitlani, C. M., Dintzis, S. M. & Gown, A. M. Routine
pathologic parameters can predict Oncotype DX recurrence scores in subsets of
ER positive patients: who does not always need testing? Breast Cancer Res. Treat.
131, 413–424 (2012).

15. Turner, B. M. et al. Use of modified Magee equations and histologic criteria to
predict the Oncotype DX recurrence score. Mod. Pathol. 28, 921–931 (2015).

16. Denkert, C. et al. Strategies for developing Ki67 as a useful biomarker in
breast cancer. Breast 24 Suppl 2, S67–S72 (2015).

17. Polley, M. Y. et al. An international Ki67 reproducibility study. J. Natl Cancer Inst.
105, 1897–1906 (2013).

18. Polley, M. Y. et al. An international study to increase concordance in Ki67 scoring.
Mod. Pathol. 28, 778–786 (2015).

19. Shui, R., Yu, B., Bi, R., Yang, F. & Yang, W. An interobserver reproducibility analysis
of Ki67 visual assessment in breast cancer. PLoS ONE 10, e0125131 (2015).

20. Stuart-Harris, R., Caldas, C., Pinder, S. E. & Pharoah, P. Proliferation markers and
survival in early breast cancer: a systematic review and meta-analysis of 85 stu-
dies in 32,825 patients. Breast 17, 323–334 (2008).

21. Maisonneuve, P. et al. Proposed new clinicopathological surrogate definitions of
luminal A and luminal B (HER2-negative) intrinsic breast cancer subtypes. Breast
Cancer Res. 16, R65 (2014).

A standardized scoring protocol for Ki67
SCY Leung et al

8

npj Breast Cancer (2016) 16014 © 2016 Breast Cancer Research Foundation/Macmillan Publishers Limited

22. Cuzick, J. et al. Prognostic value of a combined estrogen receptor, progesterone
receptor, Ki-67, and human epidermal growth factor receptor 2 immunohisto-
chemical score and comparison with the Genomic Health recurrence score in
early breast cancer. J. Clin. Oncol. 29, 4273–4278 (2011).

23. Miglietta, L. et al. A prognostic model based on combining estrogen receptor
expression and Ki-67 value after neoadjuvant chemotherapy predicts clinical
outcome in locally advanced breast cancer: extension and analysis of a previously
reported cohort of patients. Eur. J. Surg. Oncol. 39, 1046–1052 (2013).

24. Zabaglo, L. et al. Comparative validation of the SP6 antibody to Ki67 in
breast cancer. J. Clin. Pathol. 63, 800–804 (2010).

25. Landis, J. R. & Koch, G. G. The measurement of observer agreement for
categorical data. Biometrics 33, 159–174 (1977).

26. R Core Team. R: A Language And Environment For Statistical Computing
(R Foundation for Statistical Computing, Austria, 2015).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies the paper on the npj Breast Cancer website (http://www.nature.com/npjbcancer)

A standardized scoring protocol for Ki67
SCY Leung et al

9

© 2016 Breast Cancer Research Foundation/Macmillan Publishers Limited npj Breast Cancer (2016) 16014



ADDENDUM 157

A

the one hot-spot field, or across all fields for the global method). The
weighted global score was derived with tumor nuclei counts in each
assessed field weighted by the estimated percentage of the total cancer
area covered by each of high, medium, low, or negligible Ki67 staining
levels. For example, consider a slide estimated to have 10% of its area
covered by relatively high Ki67 index regions, while 90% of the area is
covered by relatively low-level Ki67 regions. By the algorithm
(Supplementary Figure 2), the required number of fields to select and
score is one high field and three low fields. Suppose the number of
positive/total tumor nuclei counted in the high field is 85/100 and the
three low fields are 30/100, 20/80, and 18/90. The weighted Ki67 score
would be 0.1 × (85/100)+0.9 × ((30+20+18)/(100+80+90)) = 31%, whereas
the unweighted score would be (85+30+20+18)/(100+100+80+90) = 41%.
For the statistical analysis, the Ki67 score was transformed to a logarithmic
scale by adding 0.1% and applying a log base 2 transformation to satisfy
model assumptions of normality and constant variance.10

ICC estimates (ranging from 0 to 1, with 1 representing perfect
reproducibility) were computed as previously reported in the phase 2
study.18 Briefly, variance component analyses were performed to quantify
the contributions from the following sources of variability: scoring
laboratory, patient tumor (biological variation—each core-cut biopsy
block represents a unique patient) and section of the core-cut biopsy block.
Similar to the phase 2 study, same-section and different-section ICC were
computed. Same-section refers to scoring laboratories scoring the same set
of core-cut biopsy slides, whereas different-section refers to scoring
laboratories scoring different sections of the same core-cut biopsy blocks.
CI for the variance components and the ICCs were obtained using the
Markov Chain Monte Carlo routines for fitting generalized linear mixed
models.
All data analyses were performed using R version 3.2.1.26 Sources of

variation in log2-transformed Ki67 scores were analyzed using random
effects models as implemented in the R packages lme4 and MCMCglmm.
Data were visualized using heat maps, boxplots and spaghetti plots.
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